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INTRODUGTION 


Colloquium  127,  Reference  Systems,  was  proposed  by  the  U.S.  Naval  Observatory  during 
the  XK  General  Assembly  in  Baltimore.  The  proposal  was  accepted  by  the  lAU 
Executive  Committee  and  the  dates,  14-20  October  1990,  and  the  venue,  Virginia  Beach, 
were  given  iti  the  First  Announcement  mailed  in  February  1990. 

This  Colloquium  was  somewhat  unique  in  that  its  primary  purpose  was  to  serve  as  a 
meeting  opportunity  for  the  lAU  Working  Group  On  Reference  Systems  (WGRS).  In 
conjunction  with  this  pivotal  animus  however,  the  meeting,  also  provided  an  excellent 
forum  for  the  presentation  and  discussion  of  matters  essential  to  the  concerns  of  the 
WGRS  by  individuals  whether  members  of  the  WGRS  or  not.  Thu^ljpth  invited  oral  and 
poster  papers  were  presented  on  topics  ranging  from  theoretical  relativistic 
considerations  to  new  observational  programs  and  results.  sThe  oral  contributions  are 
printed.here  in  the  order  in  which  they  were  presented  at  the  meeting.  ITie  poster  papers 
are  given  in  alphabetical  order  by  the  first  author’s  name.  t  ',r  I  ■i  ‘ 

The  Colloquium  was  characterized  by  the  inclusion  of  several  discussion  periods.  Some 
of  these  were  closed  sessions  of  the  WGRS,  but  most  of  the  discussions  were  open  to  all 
participants.  The  final  recommendations  of  the  WGRS  evolved  from  these  discussions. 
The  starting  points  for  this  evolution  are  contained  in  the  opening  papers  given  by  the 
four  leaders  of  the  sub-groups  of  the  WGRS,  namely,  B.  Guinot,  J.  Kovalevslw,  T. 
Fukushima  and  D.  McCarthy.  It  is  interesting  to  compare  these  papers  with  the  final 
form  of  the  recommendations  as  they  appear  in  the  Appendix  of  these  Proceedings. 

Recordings  were  made  of  the  exchanges  which  took  place  after  the  presentations  of  the 
oral  papers,  and  the  original  intention  was  to  publish  this  material  as  is  usually  done. 
However,  due  to  the  high  level  of  interest  and  the  associated  disinclination  to  curtail 
discussion,  the  length  of  the  transcription  was  overwhelming.  Straightforward  question 
and  answer  exchanges  were  rare,  with  long  commentaries  being  more  the  rule.  Thus,  to 
keep  these  Proceedings  to  a  reasonable  size,  it  would  have  been  necessary  to  severely  edit 
the  commentary.  The  first  editor  made  a  few  attempts  at  such  a  procedure,  but  it  soon 
became  ciear  that  such  editing,  without  detailed  discussions  with  the  speakers,  was  not 
likely  to  faithfully  reproduce  the  ideas  expressed.  Therefore,  with  some  reluctance,  it  was 
decided  to  forego  printing  this  material. 

In  general,  it  is  fair  to  say  that  the  meeting  has  been  deemed  a  success  by  the  vast 
majority  of  the  attendees.  Certainly  from  the  point  of  view  of  the  SOC  and  the  WGRS  it 
may  be  said  that  the  objectives  of  the  Colloquium  were  well  met.  It  is  equally  true  that 
the  LOC  did  an  admirable  job,  and  the  thanks  and  appreciation  expressed  by  so  many  are 
repeated  here.  Thanks  are  also  due  those  who  refereed  papers  both  at  Virginia  Beach 
and  subsequently. 

Attention  is  drawn  to  the  final  Recommendations  of  the  WGRS  which,  together  with  a 
copy  of  the  letter  forwarding  them  to  the  LAU,  appear  as  an  Appendix  to  this  volume. 


James  A.  Hughes 
Chairman,  SOC,  W'GRS 


X 


ACKNOWLEDGEMENTS 


Attendance  at  the  Colloquium  was  greatly  increased  and  many  miscellaneous  expenses 
were  covered  due  to  the  generous  Vandal  support  of  the  International  Astronomical 
Union,  the  National  Aeronautics  and  Space  Administration  and  the  Office  of  Naval 
Technology.  It  is  a  pleasure  to  acknowledge  this  support  which  contributed  so  much  to 
the  success  of  the  Colloquium. 

Thanks  are  also  due  to  the  U.S.  Naval  Observatory  for  hosting  the  meeting,  and  in 
particular  for  providing  administrative  and  logistic  support.  Not  only  the  institution,  but 
many  of  its  professional  and  clerical  staff,  rendered  assistance  where  and  when  needed. 
Such  contributions  addressed  many  of  the  critical  needs  of  the  Colloquium  and  of  its 
participants. 


Scientific  Organizing  Committee 

M.  Bursa  T.  Fukushima 

B.  Guinot  J.  Hughes  (Chair) 

J.  Kovalevsky  D.  McCarthy 

CA.  Murray  P.  Paquet 

Ya.  Yatskiv 


Local  Organizing  Committee 

B.  Archinal  J.  Bangert 

S.  Faulkner  R.  Harrington 

G.  Kaplan  (Co-chair)  J.  Russell 

G.  Wycoff  G.  Westerhout  (Co-chair) 


xi 


LIST  OF  PARTICIPANTS 


Viktor  K.  Abalakin,  USSR 
Harold  Abies,  USA 
Alexandre  H.  Andrei,  BRAZIL 
Shinko  Aoki,  JAPAN 
Brent  A.  Archinal,  USA 
A.  Noel  Argue,  U.K. 

Elisa  Felicitas  Arias,  ARGENTINA 
Alice  Babcock,  USA 
John  Banger t,  USA 
Annick  Bec-Borsenberger ,  FRANCE 

Mirelle  L.  Bougard,  FRANCE 
V.A.  Bruaiberg,  USSR 
Nicole  Capitaine,  FRANCE 
Tim  Carroll,  USA 
Merri  Sue  Carter,  USA 
Patrick  Chariot,  USA 
Carl  S.  Cole,  USA 
Thomas  E,  Corbin,  USA 
Suzanne  V,  Debarbat,  FRANCE 
Christian  de  Vegt,  GERMANY 

James  DeYoung,  USA 

S. V.  Diakonov,  USSR 
Steven  J.  Dick,  USA 
Jean  O'Brien  Dickey,  USA 
William  Dunn,  USA 
Heinrich  K.  Eichhorn,  USA 

T.  Marshall  Eubanks,  USA 
Sheila  Faulkner,  USA 
Martine  Feissel,  FRANCE 
Henry  F.  Fliegel,  USA 

Toshio  Fukushima,  JAPAN 
Roman  Galas ,  GERMANY 
Jose  M,  Gambi,  SPAIN 
Alvaro  Lopez  Garcia,  SPAIN 
F.  Stephen  Gauss,  USA 
Erwin  Groten,  GERMANY 
Bernard  R.  Guinot,  FRANCE 
James  Hagen,  USA 
Robert  S.  Harrington,  USA 
Leif  Helmer,  DENMARK 

T.A.  Herring,  USA 
Brenda  Hicks,  USA 
James  L.  Hilton,  USA 
Ellis  Holdenried,  USA 
James  A.  Hughes,  USA 


xii 


Donald  J.  Hutter,  USA 
Paul  M.  Janlczek,  USA 
Nicolette  M.  Jardine,  USA 
Wenjing  Jin,  PRC 
Kenneth  J.  Johniston,  USA 
Jerry  Jostles,  USA 
G.H.  Kaplan,  USA 
Kerry  Kingham,  USA 
Barbara  Kolaczek,  POLAND 
Jean  Kovalevsky,  FRANCE 

George  A.  Kras insky,  USSR 
Irina  I.  Kumkova,  USSR 
Mario  G.  Lattanzi,  USA 
Zheng -Xin  Li,  PRC 
Jay  H.  Lieske,  USA 
Bao-Lin  Liu,  PRC 
A.  Lopez,  SPAIN 
Lizhi  Lu,  PRC 
Chopo  Ma,  USA 
Wenzhang  Ma,  PRC 

Rafael  Lopez  Machi,  SPAIN 
Seiji  Manabe,  JAPAN 
Giuseppe  Massone ,  ITALY 
Dennis  D.  McCarthy,  USA 
W.G,  Melbourne,  USA 
Masanori  Miyamoto,  JAPAN 
David  Monet,  USA 
Leslie  Morrison,  U.K. 

Ivan  I.  Mueller,  USA 
C.A.  Murray,  U.K. 

Tsuko  Nakamura,  JAPAN 
Jose  Lopez  Orti,  SPAIN 
William  M.  Owen,  Jr.,  USA 
Paul  Paquet,  BELGIUM 
Dan  Pascu,  USA 
Dmitri  Polojentsev,  USSR 
Angelo  Poma,  ITALY 
Zhi-Han  Qian,  PRC 
Kavan  U.  Ratnatunga,  USA 
Francesco  Resta,  ITALY 

John  E.  Reynolds,  AUSTRALIA 
Douglas  Robertson,  USA 
Pilar  Romero-Perez,  SPAIN 
Alessandro  Rossi,  ITALY 
Jane  L.  Russell,  USA 


Lldlja  V,  Rychlova,  USSR 

M.  Thomas  Schildknecht ,  SWITZERLAND 

Heiner  Schwan,  GERMANY 

P.  Kenneth  Seidelmann,  USA 

Arata  Sengoku,  JAPAN 

Vladimir  G.  Shkodrov,  BULGARIA 

Clayton  A.  Smith,  USA 

Michael  H.  Soffel,  GERMANY 

Mitsuru  Soma,  JAPAN 

O.J.  Severs,  USA 

John  Spencer,  USA 

E.  Myles  Standish,  USA 
Ronald  C.  Stone,  USA 
Kaj  A.  Strand,  USA 
Laurence  Taff,  USA 
Lucia  Tsaoussi,  USA 
A.R.  Upgren,  USA 
Christian  Veillet,  FRANCE 
Raimundo  0,  Vicente,  PORTUGAL 
Hans  G.  Walter,  GERMANY 

Wayne  H.  Warren,  Jr.,  USA 
Kurt  Weiler,  USA 
G.  Westerhout,  USA 
Peter  Wilson,  GERMANY 
Gernot  M.R.  Winkler,  USA 
Lars  Winter,  GERMANY 

F,  Neville  Withington,  USA 
Gary  Wycoff ,  USA 
Bang-Xin  Xu,  PPvC 

Leonid  Yagudin,  USSR 

Eleanora  Yagudina,  USSR 
Bernard  D.  Yallop,  U.K. 

Zhen-Guo  Yao,  USA 
Ya.  S.  Yatskiv,  USSR 
Shuhua  Ye ,  PRC 
Koichi  Yokoyama,  JAPAN 
Norbert  Zacharias,  GERMANY 


3 
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France 


1.  Introduction 

The  report  of  the  Sub-Group  on  Time  (SGT)  of  the  lAU  Working  Group  on 
Reference  Systems  (WGRS)  is  divided  as  follows. 

Sections  2  to  4  recall  the  scope  of  the  work  of  the  SGT  and  briefly  describe  its 
activity. 

Section  5  summarizes  the  discussions  on  several  topics  which  form  the 
background  of  the  draft  recommendations  and  notes  of  Section  6. 

2.  Scope  of  the  work 

This  has  been  defined  in  a  letter  of  1  June  1989  by  the  chairman  of  the  WGRS,  Dr 
J.A.  Hughes,  :  "Define  time-  scales  and  time-like  arguments  and  their 
interrelationships  within  the  framework  of  General  Relativity.  Provision  must  be 
made  for  projecting  these  time  scales  into  the  past.  The  consequences  of  adopting 
any  time-scale,  when  viewed  in  the  context  of  a  relativistic  space-time 
continuum,  must  be  carefully  considered.  The  need  for  theoretically  acceptable 
transformations  meeting  the  accuracy  requirements  for  all  the  diverse 
applications  must  be  considered.  The  practical  difficulty  of  defining  and 
determining  appropriate  units  of  time  as  well  as  the  precise  transfer  of  time  must 
also  be  addressed  with  reference  to  protocols  already  established." 

3.  Historical  background 

The  atomic  definition  of  the  unit  of  time,  in  1967,  and  the  availability  of  atomic 
time  scales  since  1955,  with  accuracy  requiring  a  relativistic  treatment,  generated 
new  problems  in  dynamical  astronomy.  These  problems  were  considered  by  a 
Working  Group  on  Units  and  Time-Scales,  created  in  1970,  chaired  by  G.A. 

Wilkins.  The  activity  of  this  SG  led  to  lAU  Recommendation  5  (1976)  on  'Time- 
scales  for  dynamical  theories  and  ephemerides",  defining  the  time-scales  which 
were  designated  in  1979  as  the  Terrestrial  Dynamical  Time  (TDT)  and  the 
Barycentric  Dynamical  Time  (TDB). 
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The  197^/79  recommendations  raised  much  contimversy  (Guinot  and  Seidelmann, 
1988)  for  reasons  which  are  Msentially: 

•the  lack  of  a  correct  definition  in  a  relativistic  framework  encompassing  space 
and  time, 

-the  ambigui^  between  the  ideal  form  of  atomic  time  and  the  time-iike  argument 
of  dynamical  theories. 

4.  Development  of  the  woric  of  the  SGT 

The  list  of  members  of  the  SGT  is  given  in  Annex  I.  The  necessity  of  receiving  a 
wider  range  of  opinions  and  advices,  especially  from  experts  in  relativity, 
appeared  in  the  course  of  the  discussions.  Annex  I  also  gives  the  list  of  persons 
who  were  consulted.  In  the  following,  all  these  persons  are  usually  designated  by 
the  initials  given  in  Annex  I. 

The  development  of  the  activity  of  the  SG  on  Coordinate  Frames  and  Origins 
(SGFO)  made  clear  the  need  of  a  strong  interaction  between  the.  SGFO  and  the 
SGT.  This  led  to  frequent  contacts  with  J.  Kovalevsky,  leader  of  the  SGFO,  and  to 
common  draft  recommendations,  as  will  be  seen  later.  The  work  was  performed 
almost  entirely  by  correspondence,  but  I  had  the  privilege  of  fruitful  meetings 
with  J.  Kovalevsky  and  T.  Damour. 

The  documents  I  received  from  my  correspondents  have  been  circulated.  In  the 
following  abbreviated  presentation,  it  is  not  possible  to  refer  fully  to  the  opinions 
which  have  been  expressed  :  I  rather  concentrate  on  controversial  topics.  In  the 
subtle  problems  which  were  encountered,  opinions  may  diverge,  even  if  based  on 
correct  scientific  reasoning.  In  such  cases,  I  followed  the  majority,  at  least  when 
it  Is  well  marked. 

5.  Back^ound  of  draft  recommendations  and  notes 
5.1.  Space-time  (draft  recommendations  G1  and  G2) 

The  necessity  of  a  global  treatment  of  space-time  coordinates  was  unanimously 
recognized:  "We  must  resolve  the  complete  question  of  space  and  time 
transformations"  0  quote  L).  In  such  a  treatment  there  appears  "the  necessity  of 
defining  and  using  on  an  equal  footing  several  systems  of  space-time  coordinates, 
especially  the  systems  centered  at  the  barycenter  of  the  solar  system  and  of  the 
Earth"  (D).  Brumberg  and  Kopejkin  (1990)  give  a  comprehensive  study  of  "a  set  of 
reference  systems  mutually  superimposing  and  covering  altogether  the  whole  of 
space-time"  and  advocate  the  use  of  non-rotating  systems  with  the  harmonic 
condition  on  the  metric  tenson  their  work  offers  a  complete  and  self-consistent 
set  of  coordinate  transformations  for  the  four  space-time  coordinates. 

However,  the  choice  of  the  coordinate  conditions  is  still  a  domain  of  theoretical 
researches  (Damour  et  al.,  1990)  and  no  particular  solution  can  be  recommended 
offlcially,  at  present. 

It  is  in  the  nature  of  our  work  on  recommended  references  and  constants  that 
the  lAU  recommendations  often  cannot  meet  the  requirements  of  the  most 
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advanced  studies  :  the  freedom  of  innovating  is  essential.  We  were  guided,  J. 
Kovalevsky  and  myself,  by  the  necessity  of  offering  a  sound  basis  which  is  a  good 
and  accepted  approximation  of  the  most  advanced  theories  and  which  can  be 
improved  without  brtnging  drastic  changes  when  it  it  is  desirable  and  possible. 

These  considerations  ied  to  the  draft  of  the  Conceptual  Recommendation  Gl, 
common  to  the  SGFO  and  SGT,  initially  written  by  D,  then  slightly  modified  by  K 
and  Gu. 

I  would  like  to  stress  that  Gl  was  made  quite  general  and  covers  the  cases 
where,  for  example,  selenocentric  or  planetocentric  coordinate  systems  are 
convenient.  In  the  case  of  the  system  centered  at  the  barycenter  of  the  solar 
system  (7>arycentric  system'O.  the  effect  of  external  bodies  is  presently  negligible, 
but  this  is  nevertheless  covered  by  the  general  wording  of  the  recommendation. 

The  Constraint  Recommendation  G2  fixes  the  state  of  rotation  of  the  space 
coordinate  grids  by  a  constraint  on  barycentric  coordinates,  while  the  time 
coordinates  are  deflned  by  a  geocentric  constraint.  This  was  imposed  by  the 
physical  measurement  methods  and  did  not  meet  any  objection.  Several 
correspondents  observed  that  the  state  of  rotation  of  the  geocentric  grid  is  left 
undetermined:  this  aspect  of  the  bary centric/geocentric  transformation  cannot  be 
solved  unambiguously  at  the  level  of  the  metric  in  Gl. 

Both  Gl  and  G2  exclude  scaling  factors  of  the  units  of  time  and  length  in  the 
coordinate  transformations,  using  the  metric  coefficients  of  Gl.  This  important 
issue  is  discussed  in  5.2. 

5.2  The  problem  of  scaling  the  units 

We  can  reasonably  assume  that  the  physical  units  of  the  International  System  of 
Units  (SI)  are  given  by  ideal  standards  on  their  world  line,  because  it  ensures  the 
universality  of  physical  measurements  and  constants  in  local  experiment.s,  devoid 
of  any  conversion  factors.  It  is  well  known  that  this  point  of  view  leads  to 
secular  divergence  between  the  coordinate  times  in  various  coordinate  systems 
and  also  between  coordinate  times  and  proper  time,  if  we  assume  that  far  from 
the  space  origin  of  the  coordinate  systems,  the  metrics  tends  to  be  Minkowskian, 
as  in  Gl. 

In  Recommendation  5  (1976),  secular  divergence  between  the  ideal  form  of  TAI 
(TDT  +  const.),  the  geocentric  and  barycentric  coordinate  times  were  cancelled 
by  retaining  only  the  periodic  terms  in  the  transformations.  This  is  equivalent  to 
the  introduction  of  "scaling  factors"  in  the  unit  of  time,  and,  therefore  in  the  unit 
of  length,  assuming  a  constant  value  of  the  velocity  of  light.  As  far  as  I  remember, 
this  decision  was  taken  without  controversy.  However,  difHculties  appeared 
later. 

(a)  A  practical  problem  is  that  the  distinction  between  secular  and  periodic 
terms  is  not  clear  when  long  periods  are  considered.  The  distinction  is  even  not 
possible  in  case  of  numerical  integration,  the  separation  then  depending  upon  the 
averaging  time. 
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(b)  A  more  fundamental  problem  is  the  consequence  of  scaling  factors  on  other 
units,  constants  and  values  of  physical  quantities  (Fukushima  et  al.,  1986). 

It  turned  out,  in  our  present  discussions,  that  the  dissatisfaction  with^the 
introduction  of  scaling  factore  was  latent  and  crystallized  in  the  form  of  a 
majority  in  favor  of  making  them  equal  to  unity. 

Since  it  is  an  important  change  with  respect  to  the  1976  Recommendation,  with 
consequences  for  other  sub-groups,  especially  on  astronomical  constants,  I  will 
discuss  it  further,  for  the  beneHt  of  those  who  did  not  participate  in  the  work  of 
the  SGT,  by  summarizing  the  most  characteristic  opinions  I  received: 

I  first  quote  D.  This  choice  of  normalization  [scaling  factors  equal  to  1]  ensures 
the  smooth  merging  of  these  relativistic  frames  with  all  the  standard 
approximate  description  of  the  relativistic  gravitational  field...  This  normalization 
has  the  great  advantage  that  it  leads  to  simple  formulas  for  extracting  the 
physical  'gravitational  mass*  GM,  expressed  in  SI  units,  from  measured  properties 
of  the  motions...  If  one  uses  a  different  normalization  of  e.g.  time  scales,  this 
leads  not  only  to  an  appreciable  complication  of  the  theoretical  relativistic 
description,  but,  moreover,  this  can  lead  to  real  physical  mistakes,  as  it  implies 
that  the  various  GM’s.that  one  can  read  off  from  the  metric  coefficients,  or 
equations  of  the  motion,  for  various  systems  differ  from  the  physically  well 
defined  Sl-measured  GM  by  some  'redshift  factors’;..  In  conclusion,  I  think  that 
the  spirit  of  universality  that  motivated  the  definition  of  the  International 
System  of  Units,  has.  to-day,  the  consequence  that  one  should  abandon  the  lAU 
recommendations  of  linking  in  a  'regional'  way  the  graduation  units  of  both 
Earth-based  and  Solar-system-based  time  scales  to  the  SI  second,  and  should 
prefer  a  more  'universal'  (and  theoretically  preferred)  way  of  linking  them  by 
requiring  the  graduation  units  to  tend  asymptotically  in  space,  in  each  reference 
system  when  one  neglects  external  influences,  to  the  physical  units  :  meter  and 
second." 

Murray  writes  :  "You  are  right  in  quoting  my  opinion  that  we  should  avoid 
conventions  which  are  adopted  for  pratical  reasons,  but  which  obscure 
principles.  My  reaction  to  the  sUtement  in  Question  (h)  [The  SGT  recommends 
that  the  convention  requiring  that  in  the  relation  TDB-TDT  only  periodic  terms 
are  kept  be  abandoned]  is,  therefore,  approval  in  principle;  this  should  be 
accompanied  by  a  corresponding  statement  that  the  unit  of  TDT  differs  from  the 
SI  second  by  the  geopotential  factor.  However,  I  realized  that  to  change  now 
might  cause  difficulties  for  some  people;  therefore,  before  a  decision  is  made,  a 
careful  survey  of  the  likely  consequences  for  the  existing  software  used  by 
observers  and  theoreticians  should  be  carried  out." 

Fukushima  has  first  expressed  some  fears  that  the  user  be  confused  by  secular 
differences  among  time-scales.  Then  he  expressed  his  agreement  in  keeping 
secular  parts  in  the  relations.  "This  is  because  this  option  makes  the  new  system 
of  astronomical  constants  simpler^.  He  agrees  with  the  "opinion  that  unnecessary 
conventions  should  be  avoided,  as  long  as  the  ordinary  users  will  not  be 
confused". 
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At  this  stage,  I  would  like  to  recall  that  the  secular  divergence  between  TAI  and 
a  barycentric  coordinate  time,  without  rescaling  the  units,  is  1,55x10'^,  and 
amounts  to  49s  in  a  century.  It  is  of  the  same  order  as  the  difference  between 
TAI  and  UTC  (if  the  UTC  system  is  maintained  under  the  present  form).  These 
differences  are  sufficiently  small  to  avoid  any  risk  of  confusion  in  the  day 
number  in  a  reasonable  future.  Anyway,  draft  recommendation  T2  states  that  the 
apparent  geocentric  ephemerides  shoud  use  a  time  scale  without  rate  offset  with 
respect  to  TAI  and  UTC  :  this  should  avoid  confusion  for  the  ’ordinary  user’. 

Other  persons  have  expressed  their  agreement  with  the  proposal  of  setting  to  1 
the  scaling  factors  :  B  (and  Kopejkin),  Gr,  K,  Se,  and  myself,  for  similar  reasons 
as  above.  In  contrast,  A  and  X  disagree, 

Xu  writes  that  he  "rather  disapprove,  it  is  inconvenient  to  treat  old 
observations", 

Aoki  recalls  that  the  Kepler’s  third  law  holds  in  the  isotropic  form  of  the 
Schwartzschild  coordinates  when  the  mean  motion  n  of  an  orbiting  test  particle 
is  expressed  with  the  proper  time  along  the  world  line  of  the  particle  (for  details 
refer  to  Murray,  1983,  Chap.  l).But  using  the  coordinate  time  at  the  barycenter, 
we  have 


n  =  (1  -  L)  k  rad/Dg,  (1) 

where  k  is  the  Gaussian  gravitational  constant,  Dg  is  a  day  of  86400  coordinate 
seconds  of  the  barycentric  frame  and  L  is  given  by 

L  =  3GM  /  2(?k  «  1,48x10'®,  (2) 

A,  being  the  astronomical  unit,  all  quantities  being  expressed  in  SI  units. 

We  can  make  L  =  0  in  (1)  by  rescaling  the  unit  of  time,  as  it  was  done  by  the  lAU 
Recommendation  5  (1976)  on  time  scales.  But  the  consequence  is  that  L  appears 
in  the  units  of  time  and  length,  and  in  most  of  the  quantities  expressed  with 
these  units  (in  particular  the  GM’s). 

I  would  like  to  point  out  that  accepting  to  rescale  the  units  of  time  and  length  is 
not  limited  to  the  geocentric  and  barycentric  frames,  but  could  be  extended  to 
other  frames  centered  on  planets,  barj'center  of  multiple  stars,  etc.  This  would  be 
extremely  confusing. 

The  draft  recommendations  of  T ab-Groups  of  the  WGRS  are  a  first  step  toward  a 
correct  and  coherent  treatment  of  the  reference  systems  in  relativistic  theories.  I 
am  aware  that  much  remains  to  be  done,  but,  at  least,  we  must  start  on  a  sound 
basis.  We  have  to  accept  all  the  consequences  of  relativistic  theories.  I  am 
personally  opposed  to  unnecessary  conventions  adopted  on  purely  practical 
grounds.  In  the  present  case,  I  even  fail  to  see  the  practical  advantages  of  the 
scaling  factors. 
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These  considerations  led  to  define  : 

(a)  a  Terrestrial  Time  TT  (draft  T2),  which  is  an  ideal  form  of  TAI  (with  possible 
constant  time  offset,  see  discussion  below), 

(b)  a  Geocentyrlc  Coordinate  Time  TCG,  with  a  constant  frequency  offset  with 
respect  to  TT,  due  to  the  fact  that  the  unit  of  TT  and  TAI  is  the  second  of  SI  as 
obtained  on  the  geoid  (draft  Tl), 

(c)  a  Barycentric  Coordinate  Time  TCB,  keeping  all  the  terms  of  the  TCB  -  TCG 
conversion,  including  a  mean  frequency  offset  (draft  Tl). 

All  my  correspondents  estimated  that  the  relativistic  definition  of  TAI,  given  in  a 
CCDS  declaration  in  1980,  is  sufficient  for  the  time  being  (see  Huang  et  al.,1989). 

5.3.  Origins  of  TT,  TCG,  TCB 

In  a  previous  draft  recommendation  TB,  I  suggested  that  TT  have  the  same 
reading  as  TAI  on  1977  January  1.  With  such  an  origin,  it  would  have  been 
possible,  in  many  cases,  to  use  TAI  (available)  instead  of  TT  as  time  argument  of 
ephemerides.  This  proposal  has  been  unanimously  rejected.  The  enclosed  draft 
recommendations  retain  the  historical  time  offset  of  32, 184s,  so  that  TT  is 
equivalent  to  TDT  of  the  1976/79  recommendations.  Possible  realizations  of  TT 
are,  using  the  notation  of  note  (h)  of  draft  T2: 
until  July  1955  TT(TEi)  =  TEi, 
since  July  1955  TT(TAI)  =  TAI  +  32, 184s. 

5.4.  The  TCB  -  TCG  relationship 

The  TCB  -  TCG  relationship  is  a  full  4-dimensional  transformation  of  coordinates. 
Most  of  my  correspondents  expressed  the  wish  that  a  conventional  development 
of  the  'geocentric'  part  be  given,  but  no  clear  preference  has  been  expressed 
between  the  use  of  numerical  integration  and  analytical  formulas.  Therefore  two 
possibilities  are  offered  in  note  (c)  of  Tl. 

5.5.  Time-like  argument  of  theories 

An  important  problem  is  raised  by  Se:  "Presumably  we  can  have  a  theoretical 
version  of  TCB  and  TCG,  which  is  the  time-like  argument  for  a  planetary  theory 
or  numerical  integration,  before  being  fit  to  observations.  Would  that  be 
designated  as  TCB(Theo)?".  According  to  Tl  and  T2,  TT,  TCG  and  TCB  are 
definitely  ideal  forms  of  atomic  time.  I  reproduce  here  my  answer  to  Se. 

"Let  us  take  the  example  of  TCB.  My  proposal  is  that  TCB  be  the  ideal  form  of 
TAI,  transformed  in  the  barycentric  frame,  in  an  ideal  way.  Thus  TCB  is  an  ideal 
form  of  quantum  time.  The  chain  of  transformations  is  ; 

TAI  realized  atomic  time, 

TT  ideal  form  of  TAI, 

TCB  resulting  from  tranformation  topocentric  to 
barycentric  of  TT. 

These  two  steps  involve  uncertainties  : 

TAI  -  TT  ,  physical  defects  of  time  standards. 
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TT  -  TCB  ,  approximation  of  the  theory  and  of  the 
required  numerical  constants. 

For  these  reasons,  in  note  (e)  of  recommendation  Tl,  I  suggest  designating  a 
realization  of  TCB  by  TCB(xxx),  where  xxx  states  the  source  of  the  realized  time 
scale  and  the  theory. 

Now,  the  time-like  argument  of  theories,  t,  is  something  different  which  might  not 
be  easily  reconciled  with  TCB,  especially  if  there  is  some  fundamental  divergence 
between  dynamical  time  and  quantum  time.  But  in  the  latter  case,  there  should 
be  a  relation  between  t  and  TCB. 

As  I  see  this  problem,  the  ideal  TCB  should  be  approximated  from  two  sides  : 

-by  the  best  possible  realization  from  terrestrial  clocks  (to  which  observations 
are  ultimately  referred), 

-by  the  most  adequate  relationship  with  the  time-like  argument  of  theories.  This 
time  argument  could  be  called  TCB(theor),  as  you  propose,  but  I  would  prefer 
some  freedom  for  its  designation:  the  letter  t  seems  convenient." 

5.6.  Designation  of  time-scales 

As  said  previously,  TT  is  equivalent  to  TDT  of  1976/79. 1  nevertheless  suggest 
abandoning  the  letter  "D"  which  is  confusing  because  it  suggests  that  TDT  is 
obtained  from  a  dynamical  theory,  as  was  Ephemeris  Time.  For  TCG  and  TCB,  I 
propose  notations  which  seem  to  be  more  explicit. 

5.7.  Coordinated  Univer.sal  Time 

Fukushima  and  Zhu  stress  the  inconvenience  of  the  leap  seconds  of  UTC.  The 
definition  of  UTC  is  primarily  a  matter  to  be  considered  by  CCIR,  IMO 
Onternatlonal  Maritime  Organization),  ICAO  (International  Civil  Aviation 
Organization).  Our  only  possible  action  could  be,  I  believe,  to  ask  for  a 
reevaluation  of  the  usefulness  of  the  UTC  system.  1  leave  this  question  open  for 
discussion. 

6.  Draft  recommendations  and  notes 
6.1.  Recommendations  Gl  and  G2  common  to  SGFO  and  SGT 
Conceptual  recommendation  Gl 
....  considering 

that  it  is  necessary  to  define  in  the  framework  of  the  General  Relativity  Theory 
several  systems  of  space-time  coordinates, 

recommends  that 

the  four  space-time  coordinates  (x®  =  ct,  x^  x^  x^)  be  selected  in  such  a  way 
that  in  each  coordinate  .system  centered  at  the  barycenter  of  an  ensemble  of 
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masses  exerting  the  main  action,  the  interval  ds'*^  be  expressed  at  the  minimum 
degree  of  approximation  by 

ds2  =  -  (1  -  ^)  (dx®)^  +  (1  +  ^)  [  +  (dx®)2  ] 

wltere  c  is  the  velocity  of  light  and  U  the  sum  of  the  gravitational  potentials  of 
the  above  mentioned  ensemble  of  masses  and  of  a  potential  generated  by  the 
external  bodies,  the  latter  vanishing  at  the  barycenter. 


Constraint  recornTtiendatUm  G2 
....  considering 

(a)  the  necessity  to  define  a  barycentric  coordinate  system  centered  on  the 
barycenter  of  the  solar  system  and  a  geocentric  coordinate  system,  centered  on 
the  barycenter  of  the  Earth, 

(b)  the  desirability  that  the  coordinate  systems  be  linked  to  the  best  physically 
realized  references  in  space  and  time, 

(c)  that  the  use  of  the  International  System  of  Units  (SI)  should  be  extended  to 
outer  space,  without  introduction  of  scaling  factors  depending  on  the  coordinate 
system  under  consideration, 

recommends  that 

1.  the  state  of  rotation  of  the  space  coordinate  grid  centered  at  the  solar  system 
barycenter  be  such  that  the  coordinates  of  a  set  of  distant  extragalactic  objects 
present  no  global  rotation, 

2.  the  time  coordinates  be  derived  from  the  geocentric  coordinate  time  realized 
by  atomic  clocks  operating  in  conformity  with  the  definition  of  the  second, 

3.  the  physical  basic  units  of  the  space-time  be  the  second  of  SI  for  the  proper 
time  and  that  it  be  connected  to  the  meter  of  SI  for  proper  length  by  the  value  of 
the  velocity  of  light  c  =  299  792  458  m  s'*. 


6.2.  Notes  ON  RECOMMENDATIONS  G1  andG2 

Although  G1  and  G2  are  common  recommendations  of  SGFO  and  SGT,  no  attempt 
has  been  made  to  unify  the  notes.  The  following  notes  are  drafted  for  the  SGT. 

(a)  It  does  not  seem  possible,  at  the  present  stage  of  our  knowledge,  to  agree  on 
a  particular  form  of  the  metric  beyond  approximation  given  in  Recommendation 
Gl.  Recommendation  G1  allows  the  possibility  of  using  all  forms  of  metric 
accepting  this  approximation. 
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(b)  Recommendations  G1  and  G2  exclude  the  use  of  scaling  factors  for  the  units 
of  length  and  time  in  the  transformations  of  coordinates.  These  points  are 
considered  more  specifically  in  recommendations  T1  and  T2. 

(c)  Recommendation  G2  fixes  the  state  of  rotation  of  the  grid  of  barycentric 
coordinates  by  a  kinematical  constraint.  It  is  recognized  that  G2,  1  cannot  be 
rigorously  fulfilled,  either  for  fundamental  reasons  such  as  a  possible 
incompatibility  of  reference  systems  dynamically  and  kinematically  defined,  or 
for  practical  reasons  such  as  the  uncertainties  of  the  realization  of  the 
kinematical  reference  frame.  Constraint  G2,  1  must  be  realized  in  so  far  as 
possible. 

(d)  Recommendation  G2  does  not  fix  the  state  of  rotation  of  the  geocentric  grid 
because  it  cannot  be  done  unambiguously  at  the  considered  level  of 
approximation.  (These  matters  are  considered  by  the  SGFO). 

(e)  While  the  state  of  rotation  of  the  coordinate  grids  is  fixed  by  a  constraint  on 
barycentric  coordinates,  the  time  coordinates  are  defined  by  a  geocentric 
constraint.  These  hybrid  constraints  are  imposed  by  the  need  to  realize  the 
reference  frames,  in  space  and  time,  without  degrading  data  obtained  from 
measurements  and  from  standards. 


6.3.  Recommendations  and  notes  of  the  SGT 
Re(xmiTnendation  T1 
The  .... 
considering 

-  the  desirability  of  standardization  of  the  units  and  origins  of  coordinate  times 
used  in  astronomy, 

-  the  importance  of  coordinate  systems  having  their  origins  at  the  center  of  mass 
of  the  Earth  and  at  the  center  of  mass  of  the  solar  system, 

recommends  that 

1.  the  unitary  interval  of  coordinate  times  of  all  coordinate  systems  centered  at 
the  barycenter  of  material  systems  tend  asymptotically  to  the  proper  SI  second, 
far  from  the  spatial  origins  of  these  coordinate  systems, 

2.  the  reading  of  these  coordinate  times  be  1977  January  1,  0  h  0  m  32,184  s  on 
1977  January  1,  0  h  0  m  0  s  TAI  (MJD  =  43  144.0...,  TAl),  at  the  geocenter, 
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3.  coordinate  times  in  non-rotating  reference  systems  having  their  spatial  origins 
respectively  at  the  geocenter  and  at  the  solar  system  barycenter,  and  established 
in  conformity  with  the  above  recommendations,  be  designated  as  Geocentric 
Coordinate  Time  (TCG)  and  Barycentric  Coordinate  Time  (TCB). 

Notes  on  Re<x>m'mendation  TI 

(a)  Recommendation  Tl  recognizes  that  the  space-time  cannot  be  covered  with  a 
single  reference  system,  because  a  good  choice  of  coordinate  system  may 
significantly  facilitate  the  treatment  of  the  problem  at  hand  and  elucidate  the 
meaning  of  the  relevant  physical  events.  In  "recommends  1",  it  must  be 
understood  that,  far  from  the  space  origin,  the  potential  of  the  material  system 
to  which  the  coordinate  system  pertains  becomes  negligible,  while  the  potential 
of  external  bodies  manifests  itself  only  by  tidal  terms  which  vanish  at  the  space 
origin.  In  the  domain  common  for  two  coordinate  systems  "recommends  1" 
implies  that  the  tensor  transformation  law,  applied  to  the  metric  tensor,  is  valid 
without  re-scaling  the  unit  of  time.  Therefore,  the  various  coordinate  times 
under  consideration  exhibit  secular  variations.  Recommendation  5  (1976)  of  lAU 
Commissions  4,  8  and  31,  completed  by  Recommendation  5  (1979)  of  lAU 
Commissions  4,  19  and  31,  stated  that  the  Terrestrial  Dynamical  Time  (TDT)  and 
the  Barycentric  Dynamical  Time  (TDB)  should  differ  only  by  periodic  variations. 
This  requirement  has  now  been  cancelled. 

(b)  According  to  Recommendations  G1  and  G2,  the  absence  of  re-scaling  of  the 
unit  of  time,  implies  the  absence  of  re-scaling  of  the  unit  of  length,  in  conformity 
with  its  definition  by  the  17th  Conference  Generale  des  Poids  et  Mesures  (1983). 
The  astronomical  constants  are  thus  expressed  in  SI  units,  without  conversion 
factors  depending  on  the  coordinate  systems  to  which  they  belong. 

(c)  The  relation  TCB-TCG  involves  a  full  4-dimensional  transformation.  For 
observers  on  the  surface  of  the  Earth,  the  terms  depending  on  their  terrestrial 
coordinates  are  diurnal,  with  a  maximum  amplitude  of  2,1  ps.  The  numerical 
expression  of  TCB  -  TCG  can  be  evaluated  from  the  positions  and  velocities  of  the 
solar  system  bodies  obtained  by  numerical  integration,  using  the  formula  by 
Moyer  (Moyer,  T.D.,  1981,  Celest.  Mechanics,  2^  33-68).  Another  possibility  is  to 
use  the  analytical  formula  by  Hirayama  et  al.  (Proc.  lUGG  Symposia,  Vancouver, 
1987],  with  the  secular  part  in  conformity  with  the  lAU  System  of  Astronomical 
Constants.  The  secular  term  is  approximately,  in  seconds 

(TCB  -  TCG]^_^^^  =  1,4808  x  IQ-*  x(MJD  -  43144,0)  x  86400 
the  MJD  being  reckoned  in  TAI. 

(d)  The  origin  of  the  coordinate  times  has  been  arbitrarily  set  so  that  they  all 
coincide  with  the  Terrestrial  Time  TT  of  Recommendation  T2,  at  the  geocenter, 
on  1977  January  1,  0  h  0  m  0  s  TAI.  See  note  (c)  of  Recommendation  T2. 
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(e)  When  realizations  of  TCB  and  TCG  are  needed,  it  is  suggested  that  these 
realizations  be  designated  by  expressions  such  as  TCB(xxx),  where  xxx  states  the 
source  of  the  realized  time  scale  (TAl,  for  example)  and  the  theory  used  for  the 
transformation  into  considered  time. 

Recommendation  T2 

The  .... 

considering 

-  that  the  time  scales  used  for  dating  events  observed  from  the  surface  of  the 
Earth  and  for  terrestrial  metrology  should  have  a  unitary  interval  close  to  the  SI 
second,  as  realized  by  terrestrial  time  standards, 

-  the  definition  of  the  international  Atomic  Time,  TAI,  approved  by  the  14th 
General  Conference  of  Weights  and  Measures  (1971)  and  completed  by  a 
declaration  of  the  9th  session  of  the  Comite  Consultatif  pour  la  Definition  de  la 
Seconde  (1980), 

recommends  that 

1.  the  time  reference  for  apparent  geocentric  ephemerides  be  the  Terrestrial  Time 
TT, 

2.  TT  be  a  coordinate  time  in  a  non-rotating  geocentric  coordinate  system,  its 
unitary  interval  being  chosen  so  that  it  agrees  with  the  SI  second  on  the  geoid, 

3.  at  instant  1977  January  1,  0  h  TAI  exactly,  TT  have  the  reading  1977  January 
1,  0  h  0  m  32,184  s. 

Notes  on  Recommendation  T2 

(a)  The  basis  of  the  measurement  of  time  on  the  Earth  is  International  Atomic 
Time,  TAI,  which  is  made  available  by  the  dissemination  of  corrections  to  be 
added  to  the  readings  of  national  time  scales  and  clocks.  The  time  scale  TAI  has 
been  defined  by  the  59th  session  of  the  Comite  International  des  Poids  et 
Mesures  (1970)  and  approved  by  the  14th  Conference  Generale  des  Poids  et 
Mesures  (1971)  as  a  realized  time  scale.  As  the  errors  in  the  realization  of  TAI 
are  not  always  negligible,  it  has  been  found  necessary  to  define  an  ideal  form  of 
TAI  now  designated  'Terrestrial  Time",  TT. 

(b)  In  order  to  define  TT  without  ambiguity,  ii  would  be  necessary  to  define  the 
coordinate  system  precisely,  by  the  metric  form,  to  which  it  belongs.  Howevv^r, 
ambiguities  can  be  tolerated  if  they  generate  frequency  errors  much  smaller  than 
the  uncertainties  of  the  frequency  of  the  best  standards.  It  is  at  present  (1990) 
sufficient  to  consider  that  the  reference  system  does  not  rotate,  in  a  broad  sense 
(i.e.  with  respect  to  the  average  direction  of  distant  bodies  such  as  quasars),  and 
to  use  the  metric  of  the  first  post-Newtonian  approximation  of  the  General 
Relativity  theory. 
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(c)  For  ensuring  an  approximate  continuity  of  the  time  rgument  of  ephemerides, 
previously  the  Ephemeris  Time,  a  time  offset  between  TT  and  TAI  is  introduced, 
so  that  TT  -  TAI  =  32,184  s  on  1977  January  1,  0  h  TAI.  This  date  corresponds  to 
the  implementation  of  a  steering  process  of  the  TAI  frequency,  so  that  the  TAI 
unitary  scale  interval  remain  in  close  agreement  with  the  best  realizations  of  the 
SI  second  on  the  geoid.  TT  can  be  considered  as  equivalent  to  TDT  as  defined  by 
the  lAU  Recommendations  5  (1976)  and  5  (1979)  of  Commissions  4,  19  and  31. 

(d)  The  divergence  between  TAI  and  TT  is  a  consequence  of  physical  defects  of 
atomic  time  standards.  In  the  interval  1977-1990  in  addition  to  the  constant 
offset  of  32,184  s,  the  deviation  remained  probably  within  the  approximate  limits 
of  ±  10  ps.  It  is  expected  to  increase  more  slowly  in  the  future,  as  a  consequence 
of  the  progress  of  atomic  time  standards.  In  many  cases,  especially  for  the 
publication  of  ephemerides,  this  deviation  is  negligible.  In  such  cases,  it  can  be 
stated  that  the  argument  of  the  ephemerides  is  TAI  +  32,184  s. 

(e)  The  Terrestrial  Time  differs  from  TCG  of  Recommendation  T1  uniquely  by  a 
scaling  factor; 

TCG  -  TT  =  6,969  x  lO''"  x  (MJD  -  43144,0)  x  86400  in  seconds 

These  two  time  scales  are  distinguished  by  different  names  to  avoid  scaling 
errors. 

(f)  The  time  intervai  unit  of  TT  is  the  SI  second  on  the  geoid  (coordinate  second). 
The  usual  multiples  such  as  the  TT  day  of  86400  TT  seconds,  the  TT  Julian 
century  of  36525  TT  days  can  be  used,  providing  that  the  reference  to  TT  be 
clearly  indicated.  The  corresponding  time  interval  units  ^f  TAI  are  in  agreement 
with  the  TT  units  within  the  uncertainties  of  the  primary  atomic  time  standards 
(for  example,  within  ±  2  x  lO'*'’  in  1990,  on  yearly  average). 

(g)  The  markers  of  the  TT  scale  can  follow  any  date  system  based  on  the  TT 
second,  for  example  the  usual  calendar  date  or  the  Modified  Julian  Date, 
providing  that  the  reference  to  TT  be  clearly  indicated. 

(h)  It  is  suggested  that  realizations  of  TT  be  designated  by  TT(xxx)  where  xxx  is 
an  identifyer.  In  most  cases,  a  convenient  approximation  is 

TT(TAI)  =TAI  +  32,184  s. 

But  in  some  applications  it  may  be  advantageous  to  use  other  realizations;  for 
example,  the  BIPM  has  Issued  time  scales  such  as  TT(B1PM90). 
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COORDINATE  FRAMES  AND  ORIGINS 
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1.  PARTICIPANTS  IN  THE  WORK  OF  THE  SUBGROUP 

The  membership  of  the  subgroup  on  coordinate  frames  and  origins  Included  the  follo¬ 
wing  :  V.K.  Abalakin,  S.  AokI,  F,  Arias,  C.  Boucher.  N.  Capitalne,  K.  Johnston,  J.  Kova¬ 
levsky  (chairman),  C,  Ma,  I.I.  Mueller,  CA.  Murray,  H.  Schwan,  CA.  Smith,  C.  de  Vegt 
and  R.  Widen. 

In  addition,  the  following  colleagues  have  contributed  to  the  work  :  V.A. 
Brumberg,  T.  Damour,  J.  Dickey,  M.  Felssel,  T.  Fukushima,  B.  Gulnot,  T.  Huang,  M. 
Standlsh,  J.G.  Williams  and  BJC.  Xu. 


2.  SCOPE  OF  THE  STUDY 

The  subgroup  on  coordinate  frames  and  origins  of  the  lAU  Working  group  on  reference 
systems  was  formed  by  J.A.  Hughes  as  a  follow  up  of  the  resolution  Cl  adopted  by  the 
lAU  General  Assembly  In  Baltimore.  In  particular.  Its  work  was  to  propose  a  practical 
realization  of  this  resolution  and,  in  particular  of  its  section  3  : 

"The  International  Astronomical  Union  should  adopt  a  celestial  reference 
based  upon  a  consistent  set  of  coordinates  for  a  sufficient  number  of  suitable  extraga- 
lactic  objects  when  the  required  observational  data  have  been  successfully  obtained 
and  appropriately  analyzed.  This  reference  frame  should  be  based  upon  a  common,  si¬ 
multaneous  discussion  of  the  observations  using  agreed  upon  conventions.  This  refe¬ 
rence  frame  is  likely  to  be  based,  initially  at  least,  exclusively  upon  radio  astrometry, 
and  transformations  between  this  reference  frame  and  the  conventional  celestial  and 
terrestrial  reference  systems  as  well  as  the  dynamical  frame  should  be  defined.  The  re¬ 
ference  frame  should  be  updated  as  required". 

To  this,  J.A.  Hughes  added  the  task  of  considering  the  origin  of  the  celestial 
reference  frame,  having  in  mind  that  this  problem  is,  "a  separable  problem  which  can 
be  addressed  somewhat  Independently.  For  example,  the  origins  of  the  coordinate  fra¬ 
mes  used  for  celestial  coordinates  and  the  metering  of  the  Earth’s  rotation  need  not,  in 
principle,  be  Identical". 

In  practice,  the  problem  of  the  terrestrial  reference  frame  was  not  considered 
because  I  judged  that  this  Is  essentially  a  problem  to  be  addressed  first  by  lUGG.  This 
has  been  confirmed  by  C.  Boucher  who  will  make  a  proposal  to  this  body.  The  presence 
of  geodesists  on  the  subgroup  was  Intended  to  ensure  that  the  proposals  for  a  celestial 
reference  frame  and  origins  would  not  be  incompatible  with  what  could  be  the  terres- 


18 


trial  reference  frame  In  the  future. 

During  the  course  of  the  work  of  the  subgroup,  I  also  decided  not  to  discuss  the 
origin  of  the  Earth's  rotation  reckoning,  because  It  was  linked  to  the  definition  we 
would  adopt  for  the  celestial  reference  frame.  I  underestimated  the  difficulty  of  rea¬ 
ching  a  consensus  on  this  first  problem,  but  It  can  now  be  taken  up  at  this  stage. 


3.  TERMINOLOGY 

In  this  presentation,  the  following  terminology  will  be  used  : 

i)  Ideal  reference  system  :  Theoretical  principle  on  which  the  final  reference  frame  Is 
based. 

Example  1  :  the  equations  of  motion  of  a  set  of  celestial  bodies  should  have  no  Co¬ 
riolis  or  linear  acceleration  terms  when  written  In  the  Ideal  reference  system. 
Example  2  :  the  ensemble  of  very  distant  bodies  has  no  global  rotation  In  the  Ideal 
reference  system. 

H)  Reference  system  :  It  Identifies  the  physical  system  on  which  the  ideal  reference 
system  definition  is  applied.  The  solar  system  together  with  the  physical  laws  go¬ 
verning  It  (general  relativity  or  Newtonian  mechanics)  corresponds  to  the  first 
example  above.  For  the  second  example,  a  certain  number  of  quasars  form  the  sys¬ 
tem  with  a  recipe  on  how  the  "non-rotation"  is  obtained.. 

ill)  Conventional  reference  system  :  In  addition  to  the  statements  1  and  2,  parameters 
describing  the  physical  system  are  assigned  (and  are  therefore  conventional). 
Example  :  masses  and  initial  conditions  of  motions  In  the  first  case;  they  are  given 
In  the  system  of  fundamental  constants.  In  the  case  of  extragalactic  objects,  a  list  of 
such  objects  will  be  given.  The  definition  of  the  coordinate  axes  must  also  be  given. 

iv)  Conventional  reference  frame  or,  simply,  reference  frame  :  It  Is  a  set  of  fiducial 
points  with  their  coordinates  that  materialize  the  conventional  reference  system. 
The  origin  and  axes  of  coordinates  may  either  be  materialized  by,  or  simply  Infer¬ 
red  from  the  coordinates  of  the  fiducial  points.  The  coordinates  of  a  point  Is  obtai¬ 
ned  by  interpolating  the  coordinates  of  fiducial  points. 

4.  BACKGROUND  OF  THE  REFERENCE  FRAME  DEFINITION 

Before  presenting  the  report  on  the  work  of  the  subgroup,  I  believe  that  It  Is  appropria¬ 
te  to  analyze  somewhat  deeply  the  meaning  of  the  lAU  resolution  and  Us  consequen¬ 
ces.  To  do  this,  let  us  first  examine  the  original  meaning  and  the  evolution  of  the  no¬ 
tion  of  celestial  reference  frames  and  systems. 

The  objective  of  a  celestial  reference  frame  Is  to  provide  a  means  of  assigning. 
In  a  unique  way,  coordinates  of  a  celestial  body,  whether  observed  by  an  Instrument, 
or  derived  from  some  theory.  This  can  be  -  and  has  been  -  done  by  different  methods. 
Let  us  examine  them. 

4.1.  Definition  of  a  system  of  coordinates 

The  most  direct  answer  to  the  problem  Is  to  construct  a  system  of  rectangular  or  sphe¬ 
rical  coordinates  in  space.  This  Is  possible  since  there  exists  an  ensemble  of  material 
bodies  -  Sun,  planets  and  satellites  -  whose  motions  can  be  described  by  a  theory  refer¬ 
red  to  some  cartesian  coordinate  system.  The  ob.served  coordinates  of  these  bodies  are 
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moving  markers  of  the  coordinate  system.  It  Is  then  suITlcient  to  define  an  origin  and 
a  scale.  The  vernal  equinox  at  a  given  date,  and  the  mean  equator  at  the  same  date,  are 
a  possible  choice  together  with  the  astronomical  unit  of  distance.  Together  with  an  ab¬ 
solute  time,  we  obtain  a  self  consistent  definition  of  a  dynamical  reference  ^stem  In 
the  Newtonian  sense. 

Unfortunately,  this  not  sufficient.  We  have  no  practical  way  of  assigning  the 
coordinates  to  a  Centaurl  from  a  direct  comparison  of  Us  position  with  the  observed 
positions  of  one  or  several  planets.  This  has  to  be  done  by  a  very  complex  procedure 
applied  to  a  number  of  stars,  so  that  one  obtains  a  fundamental  catalogue  of  stars,  like 
the  FK4.  It  Is  this  catalogue  that  Is  used  to  determine  the  position  of  other  bodies  by  re¬ 
lative  astrometry.  At  this  point,  the  user  forgets  completely  the  definition  of  the  dyna¬ 
mical  ^stem,  and  only  uses  the  frame  represented  by  the  catalogue. 

4.2.  The  case  of  the  FK5 

As  pointed  out  by  H.  Schwan  and  R.  Widen,  and  In  opposition  to  a  common  opinion 
(that  I  must  confess  to  having  shared),  the  FK5  system  Is  not  a  dynamical  ^stem,  but 
Is  essentially  based  on  some  determination  of  galact.c  rotation.  Of  course,  this  was  ul¬ 
timately  linked  to  the  position  of  the  equinox  point.  In  particular  via  a  new  constant 
of  precession.  But  this  Is  only  an  ad'hoc.  a  posteriori  link. 

So,  although  FK5  frame  looks  very  much  like  the  FK4  frame,  the  FK5  ^stem 
Is  dramatically  different.  It  Is  a  kinematic  reference  system,  based  upon  a  certain 
model  of  galactic  rotation.  This  choice  was  made  because  the  observations  of  bodies  In 
the  solar  system  did  not  permit  a  sufficiently  accurate  definition  of  fixed  points  and  a 
sufficiently  accurate  procedure  for  accessing  these  fixed  coordinate  axes. 

4.3.  Accessibility  of  a  position  in  a  fixed  coordinate  system 

To  obtain  the  coordinates  of  a  body  in  the  present  reference  system  one  requires  a 
number  of  conventional  parameters  such  as.  the  constant  of  precession,  a  theory  of 
nutation,  etc...  that  are  to  be  applied  In  order  to  obtain  Its  position  in  fixed  coordinate 
system,  chosen  as  being  the  position  for  J.2000.0  of  the  Instantaneous  mean  equator 
and  equinox.  Any  error  In  these  conventional  values  Introduces  a  spurious  additional 
apparent  motion  of  objects.  This  remark  is  particularly  Important  when  comparing 
the  positions  of  quasars  observed  at  several  times  and  reduced  to  a  given  epoch  by  the 
present  lAU  conventional  precession  and  nutation.  This  Is  equivalent.  In  the  best 
cases,  to  a  rotation  of  the  system,  more  likely  a  rotation  plus  a  deformation,  the  latter 
being  due  to  systematic,  position  dependent  errors  In  the  proper  motions. 

The  lAU  resolution  proposes  a  very  elegant  and  easy  solution  for  most  of 
these  problems.  Let  us,  for  clarity  of  exposition,  assume  that  with  an  extragalactlc  ob¬ 
jects  are  observable  In  the  same  wavelengths  as  the  body  with  an  unknown  position. 
Since  these  objects  are  fixed,  they  materialize  at  any  moment  the  reference  system, 
and  one  will  have  directly  the  apparent  position  of  the  body  in  the  coordinate  system, 
without  any  use  of  precession  or  nutation  correction.  The  reference  system  Is  directly 
accessed.  This  is  a  major  simplification  and  corresponds  exactly  to  what  mathemati¬ 
cally  one  means  by  a  system  of  coordinates. 

If  the  unlmown  body  Is  observable  only  in  visible  light,  one  would  Interpolate 
its  observation  between  observations  of  stars  in  a  catalogue  that  Is  constructed  with 
respect  to  the  extragalactlc  frame  defined  beforehand.  The  positions  of  stars  will  be 
given  at  any  epoch  using  a  position  at  some  date  and  proper  motions.  They  will  consti¬ 
tute  an  Intermedlaiy  catalogue  that  may  be  continuously  updated  and  Improved,  but  It 
will  be  possible  at  any  moment,  and  in  any  direction  of  the  sky  to  link  them  with  the 
actual  extragalactlc  reference,  since  they  will  always  be  available  as  are  presently 
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available  FK5  stars. 

4.4.  Four  dimensional  reference  system 

One  of  the  drawbacks  of  the  present  FK5  reference  system  Is  that  It  Is  two  dimensional, 
giving  two  angular  parameters  of  position.  In  this  sense  It  is  not  complete  and  It  has  to 
be  completed  by  dimensional  units.  This  is  done  by  Introducing  a  decoupled  ^stera  of 
astronomical  constants.  This  Is  no  longer  acceptable,  and  one  should  think  of  four  di¬ 
mensional  reference  system  since  It  is  now  impossible  to  ignore  General  Relativity. 
However,  a  complete  consistency  in  the  four  dimensions  would  have  the  drawback 
described  In  section  4.1.  Therefore  In  some  ways,  one  has  to  accept  a  certain  decou¬ 
pling.  The  proposal  made  later  In  this  paper  reduces  this  decoupling  to  a  minimum 
since  it  Imposes  only  SI  units  for  time  and  length. 


3.  DEVELOPMENT  OF  THE  WORK 

The  work  of  the  subgroup  was  done  mostly  by  correspondence,  although  1  had  the  pri¬ 
vilege  of  direct  discussions  with  about  half  of  the  members.  In  addition,  I  took  the  ad¬ 
vice  of  several  persons  who  were  not  members  of  the  subgroup.  After  my  first  Introduc¬ 
tory  letter  sent  on  July  27,  1989, 1  prepared  three  others,  taking  into  account  the  let¬ 
ters  received  previously.  These  answers  posed,  in  the  beginning,  more  questions  and 
put  forward  more  dlfllcultles  than  they  solved,  so  that  it  was  not  possible  to  test  a  first 
definition  before  April  of  this  year.  The  present  report  is  essentially  based  on  the  pro¬ 
posals  Included  In  my  fourth  letter  and  on  the  answers  received  thereafter.  However, 
before  entering  into  this  presentation,  it  Is  useful  to  briefly  describe  some  of  the  pro¬ 
blems  raised  in  the  first  part  of  the  work. 

5.1.  Structure  of  the  reference  system 

From  answers  to  my  first  letter.  It  appeared  that  several  members  did  not  accept  the 
lAU  resolution  and  Insisted  upon  either  keeping  the  present  situation,  or  having  a  dy¬ 
namical  definition  of  the  reference  system  based  upon  the  dynamics  of  the  solar  sys¬ 
tem. 

Concerning  the  second  point  of  view,  my  challenge  to  formalize  a  strictly  dy¬ 
namical  definition  was  not  taken  up,  and  nothing  was  proposed  until  aii  incomplete 
attempt  by  S.  Aokl  was  received.  It  will  be  presented  and  discussed  during  the  meeting. 
However,  dynamical  aspects  have  indeed  to  be  Included  in  the  definition  and  this  was 
Implemented  later. 

The  conservative  point  of  view  corresponds  to  a  concern  that  the  reference 
system  should  be  accessible  to  all  observers  and  In  particular,  to  optical  astrometry. 
This  objection  however  is  waived  by  the  first  section  of  the  resolution  Cl  of  the  lAU 
which  reads : 

"In  order  to  avoid  a  confusing  proliferation  of  reference  frames,  the  FK5 
should  be  retained  as  the  lAU  reference  at  optical  wavelengths  for  the  present  and  im¬ 
mediate  future". 

It  is  clear  that  this  will  remain  true  until  a  satisfactory  extension  of  the  radio 
frame  to  optically  observable  objects  Is  achieved.  Taking  this  into  account,  the  oppo¬ 
sition  to  a  "primary  radio-frame"  lost  part  of  its  supporters.  For  this  reason,  in  the 
following  parts  of  the  work  I  considered  this  problem  as  settled.  Another  point  of 
doubt  is  the  possibility  of  reconciling  the  variety  of  catalogues  of  radio  sources  into  a 
single  system.  Later  results  and  some  presentations  at  this  colloquium  should  dispel 
the  fears. 
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But  the  problems  tliat  were  encountered  should  not  hide  the  fact  that  the  ma¬ 
jority  of  the  members  of  the  subgroup  do  agree  with  the  necessity  of  shifting  quickly  to 
a  definition  of  a  celestial  reference  frame  based  upon  a  system  represented,  as  far  as 
directions  are  concerned,  by  extragalactic  objects. 

9.2.  Relativistic  aspects 

Although  all  agreed  that  the  definition  of  a  celestial  reference  system  should  be  ex¬ 
pressed  In  a  form  compatible  with  General  Relativity,  there  was  almost  no  Input  from 
the  members  on  how  to  express  this.  I  am  grateful  to  T.  Damour  who  finally  suggested 
the  general  structure  of  the  v/ording  which  will  be  presented  here.  It  has  the  advantage 
of  being  consistent  with  the  definitions  of  time  scales  and  of  being  sufficiently  concise 
so  as  to  permit  subsequent  additions  to  the  expression  for  ds2  if  required. 

5.3.  Non-rotation  of  an  extragalactic  refeience  fiame 

Some  members  of  the  subgroup  expressed  fears  that  the  coordinate  system  derived 
from  the  positions  of  extragalactic  radio  sources  such  as  quasars  would  have  a  rota¬ 
tion.  Let  me  quote  a  couple  of  sentences  from  a  letter  by  R.  Wlelen;  "It  is  an  observed 
fact  (and  not  only  a  plausible  assumption}  that  the  universe  does  not  rotate  within  the 
very  small  errors  of  measurements.  A  stringent  upper  limit  for  the  rotation  of  the  uni¬ 
verse  is  much  beyond  our  present  needs  in  astrometry".  I  believe  that  this  point  should 
not  bring  any  difficulty.  However  a  definition  depending  on  the  coordinates  of  two 
sources  would  not  fulfill  the  non-rotation  condition  because  of  the  possible  Instabili¬ 
ty  of  the  sources,  and  one  needs  a  large  number  of  sources  to  stabilize  the  global  beha¬ 
viour.  Actually,  even  If  a  rotation  of  the  Universe  Is  discovered,  it  will  be  orders  of  ma¬ 
gnitude  smaller  than  the  rotation  of  the  FK5  system  realized  by  the  present  lAU  con¬ 
ventional  constant  of  precession. 

5.4.  Presentation  of  the  provisional  conclusions 

In  my  last  letter  to  the  members  of  the  subgroup,  dated  July  17. 1  made  a  proposal  that 
now  has  to  be  discussed  by  the  Colloquium.  It  consists  of  two  general  draff  resolutions 
that  provide  the  basis  not  only  of  the  celestial  reference  system,  but  also  of  the  time 
scales:  hence  they  are  common  to  our  subgroup  and  tc  ;.ie  subgroup  on  time  scales. 
Two  other  draft  recommendations  are  intended  to  describe  how,  from  these  concep¬ 
tual  recommendations,  one  could  achieve  the  construction  of  a  reference  frame. 


6.  GENERAL  RECOMMENDATION 
6.1.  Conceptual  recommendation  (GI) 

....  considering 

that  it  is  necessary  to  define  in  the  framework  of  the  General  Relativity  Theory  seve¬ 
ral  systems  of  space-time  coordinates, 
recommends 

the  four  space-time  coordinates  (xP  =  ct,  x>,  x^,  x^}  be  selected  in  such  a  way  that  in  each 
coordinate  system  centered  at  the  barycenter  of  an  ensemble  of  masses  exerting  the 
w,ain  action,  the  interval  ds^  be  expressed  at  the  minimum  degree  of  approximation  by 

ds^  =  -  (1-  (dx°)2  +  (1+  j-  ^  ^  ^3j2 j  ( 1  j 
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where  c  is  the  velocity  of  light  and  U  the  sum  of  the  gravitational  potentials  of  the 
above  mentioned  ensemble  of  masses  and  of  a  potential  generated  by  the  external  bo¬ 
dies.  the  latter  vanishing  at  the  harycenter. 

This  recommendation  expllcitely  Introduces  General  Relativity  as  the  theore¬ 
tical  background  for  the  definition.  Only  two  terms,  common  to  several  representa¬ 
tions  of  the  field  are  kept,  neglecting  those  terms  that  are  dtfferent  but  are  presently 
beyond  the  reach  of  observations.  This  permits  the  use  of  any  of  the  possible  more  ela¬ 
borate  representation  compatible  with  the  given  terms  and  still  remain  In  conformity 
with  the  definition.  It  assumes  the  relevant  PPN  parameters  to  be  equal  to  their  values 
in  General  Relativity  proper  and  leaves  the  possibility  to  add  higher  order  terms.  Fi¬ 
nally  it  may  apply  to  any  frame  origin  (geocentric,  baiycentric.  etc...).  All  members  of 
the  subgroup  agreed  with  this  principle  which  actually  also  Introduces  dsmamlcs  in 
the  definitions. 

6.2.  Constraint  recommendation  (G2) 

...  considering 

a)  the  necessity  to  define  a  barycentric  coordinate  system  centered  on  the  barycenler 
of  the  solar  system  and  a  geocentric  coordinate  system,  centered  on  the  barycenler 
of  the  Earth. 

b)  the  desirability  that  the  coordinate  systems  be  linked  to  the  best  physically  realized 
references  in  space  and  time. 

c)  that  the  use  of  the  International  System  of  Units  (SI)  should  be  extended  to  outer 
space,  without  introduction  of  scaling  factors  depending  on  the  coordinate  system 
under  consideration, 

recommends  that 

1.  the  slate  of  rotation  of  the  space  coordinate  grid  centered  at  the  solar  system  bary- 
center  be  such  that  the  coordinates  of  a  set  of  distant  extragalactic  objects  present  no 
global  rotation, 

2.  the  time  coordinates  be  derived  from  the  geocentric  coordinate  time  realized  by  ato 
mic  clocks  operating  In  conformity  with  the  definition  of  the  second, 

3.  the  physical  basic  units  of  the  space-time  be  the  second  of  SI  for  the  proper  time  and 
that  it  be  connected  to  the  meter  of  SI  for  proper  length  by  the  value  of  tfxe  velocity  of 
light  c=299  792  458  ms'K 

This  recommendation  Is  the  one  that  actually  defines  the  characteristics  of 
the  reference  systems.  It  fixes  the  state  of  rotation  of  the  system  (but  its  realization 
will  have,  of  course,  a  certain  amount  of  arbitrariness).  To  clarify  the  first  point,  one 
might  state  that  the  set  should  be  large  enough  (not  only  two  objects).  The  second  part 
of  the  recommendation  is  to  be  discussed  by  the  subgroup  on  lime.  It  is  to  be  noticed 
that  these  two  recommendations  exclude  the  use  of  scaling  factors  for  the  units  of 
length  and  time. 

T.  Fukushima  proposes  to  add  that  there  should  be  no  secular  rotation  among 
the  space  grids  for  coordinate  systems  to  be  used.  I  am  not  sure  that  this  is  compatible 
with  1  as  applied  directly  to  barycentric  and  geocentric  frames.  This  is  not  true  for  a 
more  general  expression  of  the  ds2.  If  it  is  true  for  the  present  case,  it  does  add  any¬ 
thing. 

A.  Murray  suggests  that  this  recommendation  should  include  that  the  refe¬ 
rence  frame  Is  defined  by  the  ephemerls  which  have  been  derived  from  the  relativistic 
equations  of  motion.  I  do  not  agree  with  this.  The  deflirltlon  as  given  here  plus  a  set  of 
positions  of  quasars  as  Implied  by  (1)  is  sufficient.  The  proposed  addition  would  intro¬ 
duce  internal  inconsistencies. 


Most  of  the  correspondents  agreed  with  this  wording.  S.  AokI  however,  pre¬ 
sented  a  drastically  different  proposal.  It  will  not  be  discussed  here  since  It  Is  descri¬ 
bed  elsewhere  in  this  volume.  A  fear  was  expressed  by  J.  Dlckqr  and  M.  Standlsh  who 
state  that  the  Introduction  of  a  new  unit  of  barycentrlc  coordinate  time  that  would  not 
have  the  presently  agreed  scaling  factor  would  Introduce  large  corrections  to  the  pre¬ 
sent  ephemerldes  amou!iting  to  2".0  per  century  for  the  Earth’s  orbit  and  27".0  per  year 
In  the  case  of  the  Moon.  They  think  that  this  would  cause  serious  mistakes  among 
users.  However,  not  to  reduce  this  scaling  factor  to  one,  would  dramatically  change  the 
whole  philosophy  of  the  proposal  and  Introduce  inconsistency  in  the  realization  of 
the  Ided  ^stem  as  proposed  in  Gl. 


7.  CONVENTIONAL  REFERENCE  SYSTEM 

Recommendations  Gl  and  G2  set  up  the  working  rules  for  further  developments  In  the 
construction  of  usable  reference  frames.  The  first  step  Is  to  model  the  structure  chosen 
to  define  the  reference  system.  This  means  constructing  the  conventional  reference 
system.  Draff  recommendation  R1  proposes  a  route  to  do  so.  It  reads  ; 

....  considering 

-  the  desirability  to  implement  a  unique  conventional  celestial  barycentric  reference 
system  based  upon  the  obserwd  posiiions  of  extragalactic  radio-sources, 

noting 

-  the  existence  of  tentative  reference  frames  constructed  by  lERS  and  other  Institutes, 
recommends 

-  that  intercomparisons  of  these  frames  be  extensively  made  in  order  to  assess  their 
accuracy  and  systematic  differences. 

-  that  lERS.  in  consultation  will  all  the  Institutes  constructing  catalogues  of  extraga- 
lactic  radio-sources,  establish  a  list  of  candidates  for  primary  sources  defining  the 
new  conventional  reference  system,  together  with  a  list  of  substitute  sources  that 
may  later  be  added  to  or  replace  some  of  the  primary  sources. 

requests 

-  that  such  a  list  be  presented  to  the  1994  lAU  General  Assembly  for  a  decision  on  the 
definition  of  the  new  conventional  reference  frame, 

■  that  onwards,  the  objects  in  this  list  be  systematicaUy  observed  by  all  VLB!  astrome¬ 
tric  programes. 

The  object  of  this  recommendation  is  to  request  that  the  work  on  the  imple¬ 
mentation  of  the  next  barycentric  reference  frame  consistent  with  G 1  and  G2  be  star¬ 
ted.  It  actually  addresses  the  choice  of  the  "set  of  distant  extragalactic  objects"  that  are 
mentlonned  In  G2,  first  point. 

This  point  has  encountered  one  objection:  the  fact  that  lERS  Is  requested  to 
establish  the  list  of  objects.  A  strong  request  Is  that  this  should  be  the  responsibility 
of  an  ad'hoc  lAU  Working  Group.  I  would  agree  to  this,  provided  however  that  It  Is  sha¬ 
red  with  lERS  and  that  the  final  compUatlon  be  made  by  lERS.  It  Is  not  correct  to  say 
that  lERS  celestial  reference  frame  is  constructed  for  the  rotation  of  the  Earth.  It  has 
now  more  than  200  objects,  only  10%  of  which  are  used  for  Earth's  rotation.  It  is  part 
of  the  tasks  of  lERS  as  defined  by  its  bylaws  to  Include  the  construction  and  the  main¬ 
tenance  of  a  celestial  reference  frame  and  it  has  a  sub-bureau  that  is  devoted  to  this 
Job.  But  I  admit  that  further  inputs  from  astronomers  having  various  Interests  In  the 
choice  would  be  valuable. 

A  more  fundamental  objection  was  made  by  C.  Ma:  lERS  only  combines  the 
positions  In  existing  catalogues  and  does  not  go  into  the  actual  raw  data,  so  that  the 
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full  strength  of  the  underlying  data  Is  not  used.  This  second  approach  is  to  be  prefered 
to  a  simple  concatenation.  As  a  consequence,  the  work  might  have  to  be  performed  el¬ 
sewhere  in  addition  to  the  catalogue  comparisons  made  by  lERS  which  are  as  such 
very  Important  to  evaluate  random  and  ^stematic  errors  of  the  catalogues. 

Let  me  remark  at  this  stage  that  at  least  one  voice  regretted  that  we  do  not 
adopt  the  existing  lERS  celestial  reference  frame. 

An  improvement  of  the  v/ordlng  has  been  requested  by  C.A.  Murray:  one 
should  say  more  expllcltely  what  Is  meant  by  "based  upon"  in  the  considering.  I  have 
no  proposal  at  this  point.  It  means  that  the  catalogue  that  materializes  the  reference 
system  is  a  set  of  coordinates  of  extragalactic  radio-sources  (just  as  the  ?K5  catalogue 
.-..Aiciidllzes  the  FK5  system). 


8.  COORDINATE  FRAME  AND  ORIGIN 

Once  one  has  a  catalogue  of  positions  of  extragalactic  objects,  one  may  apply  to  them 
an  arbitrary  rotation.  Draft  recommendation  R2  makes  a  proposal  and  reads  as  fol¬ 
lows  : 

...  considering 

-  that  the  new  conventional  celestial  barycentric  reference  frame  should  be  as  close  as 
possible  to  the  existing  FK5  reference  frame  as  refered  toJ.2000.0. 

that  is  should  be  accessible  to  astrometry  in  visual  wavelengths  as  well  as  in  radio 
wavelengths, 
recommends 

■  that  the  positions  of  the  ertragalactlc  sources  given  in  the  catalogue  representing  the 
reference  frame  be  computed  for  the  epoch  J.2000.0  using  the  best  available  values  of 
precession  and  nutation, 

-  that  a  great  effort  be  deployed  in  iniercomparing  reference  frames  of  all  types  bet¬ 
ween  them  and  particularly  with  FK5  and  extragalactic  reference  frames, 

-  that  all  types  of  observing  programs  be  undertaken  or  continued  in  order  to  link  to  a 
catalogue  of  extragalactic  sources  positions  the  best  catalogues  of  star  positions,  in 
particular  FK5  and  the  HIPPARCOS  catalogues  with  the  accuracy  of  these  catalogues, 

-  that  the  Ox  axis  of  the  spherical  coordinates  of  the  new  conventional  celestial  refe¬ 
rence  frames  be  as  close  as  possible  of  the  FK5,  equinox  J.2000,0  and  that  the  princt- 
pal  plane  be  as  close  as  possible  to  the  mean  equator  at  epoch  J.2000.0. 

This  wording  has  brought  a  number  of  comments.  The  rationale  for  it  was 
that  one  would  like  to  avoid  as  much  as  possible  a  Jump  in  positions  and  proper  mo¬ 
tions  of  stars  and  ensure  the  smoothest  possible  transition  from  the  present  situation. 
Clearly,  it  Is  not  possible  to  have  an  alignment  between  FK5  and  the  new  system  other 
that  at  epoch.  The  proposed  epoch  is  J.2000.0.  The  open  questions  are  : 

1.  Should  we  use  a  conventional  value  of  the  precession  to  extrapolate  the  FK5  equinox 
or  the  continuously  measured?  The  problem  was  not  discussed  throughly  and 
should  be  an  issue  for  the  Colloquium:  should  one  use  as  the  origin  at  J.2000.0  the 
equinox  and  the  mean  equator  as  obseived  in  year  2000  or  extrapolate  the  FK5  value 
with  the  present  lAU  system  of  constants?  The  second  solution  is  the  easiest  to  im¬ 
plement.  but  the  risk  is  that  we  shall  not  be  at  the  actual  mean  equinox  of  date.  1  do 
not.  feel  very  strongly  in  favour  of  my  proposal  in  the  recommendation,  and  most, 
but  not  all  of  the  members  of  the  subgroup  that  replied  prefer  using  a  conventional 
precession.  An  additional  point  is  proposed  by  B.  Gulnot : 

"That  the  new  conventional  celestial  reference  frame  be  not  rotated  to  fit  determi¬ 
nation  of  the  position  of  the  mean  pole  of  rotation  and  mean  equinox  for  epoch 
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j.2ooo.a'. 

This  proposal  Implies  in  practice  that  we  use  a  conventional  value  of  preces¬ 
sion.  However,  analysing  the  reasons  of  each  side,  one  possibly  may  find  a  common 
ground. 

I)  On  one  side  (and  this  was  the  point  I  wanted  to  make  in  the  proposal  R2).  it  Is  only  by 
using  the  best  ofaserued  values  of  nutation  and  precession  that  observation  of  relati¬ 
ve  positions  of  radio-sources  (extragalactic  or  radio-stars)  can  be  compared  and 
extrapolated  to  a  reference  date. 

II)  On  the  other  side.  If  one  does  this,  the  positions  obtained  will  correspond  to  a  posi¬ 
tion  of  the  ecliptic  and  mean  equator  that  Is  not  the  one  of  the  FK5  ^stem.  In  order 
to  satisfy  the  last  condition,  on  should  then  apply  a  rotation  to  the  result  obtained 
by  (1)  so  that  It  corresponds  to  the  FK5  mean  pole  and  equinox  at  J.2000.0.  It  Is  to  be 
noted  that  this  double  procedure  is  not  equivalent  to  the  procedure  that  consists  to 
use  systematically  FK5  precession  and  nutation. 


9.  TIMING  AND  TRANSITION  PERIOD 

It  Is  desirable  that  resolutions  R1  and  R2  are  fulfilled  by  1994.  This  would  permit  Un¬ 
king  HIPPARCOS  to  the  extragalactic  frame  as  well  as  to  FK5  before  it  Is  published. 
Whether  this  would  be  sufficient  to  be  ready  with  a  stellar  catalogue  for  the  year  2000 
Is  difficult  now  to  say,  and  whether  would  It  be  better  than  the  present  FK5  Is  still 
questionable.  For  this  reason,  I  support  the  proposal  made  by  H.  Schwan  which  reads  : 

"As  long  as  the  relation  between  the  optical  and  radio  systems  is  not  suffi¬ 
ciently  accurately  determined,  the  FK5  shall  be  considered  as  an  additional  realiza¬ 
tion  of  the  celestial  reference  system  in  optical  wavelengths". 

Actually,  It  Is  simply  a  rephrasing  of  the  first  part  of  resolution  Cl  of  the  lAU 
(1988)  quoted  in  2. 


10.  CONCLUSION 

The  proposals  made  In  this  presentation  are  not  perfect.  Some  Improvements  have 
been  proposed  that  should  be  discussed  during  this  Colloquium.  There  Is  also  (S.  Aokl) 
a  completely  different  counter  proposal  that  destroys  most  of  the  features  of  the  pro¬ 
posed  construction  and  in  many  ways  reverts  to  the  original  situation.  Science  Is  ad¬ 
vancing  very  quickly,  and  If  lAU  does  not  follow  the  trend,  we  shall  arrive  at  an  un- 
controlable  situation  In  which  various  Interest  groups  will  use  different  references  wi¬ 
thout  coordination.  Actually,  with  the  present  considerable  increase  In  the  precision 
of  observation,  this  temptation  Is  already  great  for  people  working  in  VLBI  and  possi¬ 
bly  also  In  space  probes.  It  is  time  to  take  these  Improvements  Into  consideration  and 
the  draft  recommendations  presented  here  are  a  tentative  effort  to  meet  their  needs 
while  they  still  remain  acceptable  to  most  classical  astronomers.  Then,  of  course,  dif¬ 
ferent  re^lzatlons  of  the  proposed  ^stem  may  be  used  for  different  usages  or  techrd- 
ques,  but  all  one  of  them,  the  conventional  reference  frame  adopted,  should  be  the 
standard  to  which  oUier  frames  are  to  be  Identified  as  such  as  possible. 

But  this  proposal  has  a  more  revolutlonnary  aspect  which  was  perceived  by 
some  persons  and  perhaps  made  them  more  cautious.  Reference  frames  have  been 
until  now  based  at  least  partially  on  the  rotation  and  space  motion  of  the  Earth.  The 
proposal  removes  all  connection  with  the  Earth.  The  Earth’s  motions  become  physi¬ 
cal  quantities  that  must  be  observed  and  studied  for  themselves  but  they  lose  the  basic 
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character  of  being  the  reference.  There  was  a  kind  of  geocentrism  that  oui'  proposal 
destroys.  Similarly,  the  meter  and  the  second  become  truly  universal  by  means  of  re¬ 
lativistic  transformations  and  will  no  longer  be  terrestrial  units  to  which  others  are 
referred  using  rescaling.  I  believe  that  by  adopting  the  ideas  developed  here,  v/e  would 
malie  a  great  step  forward  towards  universality  by  throwing  away  the  remainders  of 
geocentrism. 
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ACTIVITY  REPORT  OF  THE  lAU  WORKING  GROUP  ON  REFERENCE  SYSTEMS 
SUB-GROUP  ON  ASTRONOMICAL  CONSTANTS 


T.  FUKUSHIMA 

Satellite  Geodesy  Office,  Geodesy  and  Geophysics  Div., 
Hydrographic  Department,  Maritime  Safety  Agency 
5-3-1,  Tsukiji,  Chuo-ku,  Tokyo  104,  Japan 


1.  Introduction 

The  lAU  Working  Group  on  Reference  Systems  (WGRS)  Sub-Group  on  Astronomical  Constants  (SGAC) 
was  established  in  June,  1989,  as  a  consequence  of  resolutions  adopted  by  Comnussions  4. 7,  8  and  24  at 
the  lAU  General  Assembly  at  Baltimore  in  1988.  The  given  missions  of  this  sub-greup  were  stated  clearly 
by  J.  Hughes,  the  chainnan  of  the  WGRS,  as: 

"Provide  numerical  values  for  the  primary  constants  and  specify  the  relationships  between  these  and  other, 
secondary  constants  within  the  framework  of  general  relativity.  This  task  will  involve  the  docuricntalion  of 
the  constants  themselves  as  well  as  of  the  procedures  and  algorithms  associated  with  their  use.  Recognition 
must  be  given  to  the  fact  that  approaches  which  arc  specific  to  various  techniques  exist.  The  group  must 
recommend  the  best  estimates  which  can  meet  the  varied  reauiremenis  of  astronomy.  The  apparent 
dichotomy  between  adopting  fixed  values  for  various  quantities  on  the  one  hand,  and  the  need  for  current, 
highly  accurate  values  on  the  other  hand,  must  be  addressed  by  the  group.  Indeed,  the  crafting  of  crfcctive 
procedures  for  incorporating  new  determinations  into  the  values  assigned  to  the  constants,  and  the  setting 
up  of  a  mechanism  for  disseminating  information  regarding  new  determinations  as  an  interim  measure,  arc 
important  tasks  for  this  group." 

This  is  a  report  of  the  activity  of  the  SGAC  prior  to  lAU  Colloquium  No.  127.  Section  2  summarizes  the 
questionnaire  prepared  in  the  course  of  discussion.  In  Section  3,  the  discussions  on  major  issues  arc 
introduced.  The  drafts  of  Recommendations  from  the  SGAC  prepared  before  the  Colloquium  arc  shown  in 
Section  4.  Note  that  these  drafts  were  very  different  from  the  final  form  as  indicated  in  this  Proceeding. 
Sections  5  and  6  deal  with  the  current  status  of  a.stronomical  constants  used  widely  now  and  the  best 
estimates  of  some  major  constants  which  arc  available  now,  respectively.  I  believe  these  will  serve  as  a 
guideline  for  current  astronomical  constants. 


2.  Summary  of  Activity 

After  the  formation  of  SGAC,  we  have  discussed  the  matteis  of  asuonomical  constants  and  units  through 
the  exchange  of  letters  and  about  a  dozen  circulars.  Among  them,  a  questionnaire  on  astronomical  constants 
was  sent  to  all  members  of  WGRS  including  the  SGAC  and  some  other  specialists  at  the  beginning  of 
1990.  It  contained  22  questions  with  some  possible  selections.  The  c.s.scncc  of  the  questions  arc  as  follows; 

1)  Should  the  system  of  asuonomical  constants  be  limited  within  the  solar  system? 

2)  What  constants  beyond  the  solar  sy.stcm  should  be  included? 

3)  What  systems  of  units  beyond  the  .solar  system  arc  needed? 

4)  Should  standard  proccxiurcs  be  included  in  the  scope  of  the  SGAC? 

5)  How  many  systems  of  units  .should  be  prepared  when  taking  genera!  relativity  into  account? 

6)  If  we  accept  tlic  lAU  Recommendation  5  (1976)  on  time-like  arguments,  how  should  we 
construct  the  systems  of  units  consistent  with  it? 

7)  What  combination  of  defining  constants  is  most  appropriate? 

8)  V.'hat  expression  is  most  suitable  for  a  primary  constant  defining  ilic  AU? 


9)  Should  the  mean  angular  velocity  of  the  Earth  be  included  as  a  primary  constant? 

10)  Should  the  masses  of  minor  planets  and  natural  satellites  except  for  the  Moon  be  discussed? 

1 1)  What  changes  arc  needed  in  the  classification  of  constants? 

12)  Should  accuracies  be  indicated  also? 

13)  What  policy  should  we  take  on  compatibility  with  the  existing  systems  of  constants  in  other 
fields? 

14)  What  new  constants  should  be  added? 

15)  What  constants  should  he  excluded  from  the  present  system? 

16)  What  mechanism  to  update  the  system  should  be  adopted? 

17)  Is  the  form  of  reciprocal  masses  reasonable? 

18)  What  auxiliary  units  of  length  arc  needed? 

19)  What  auxiliary  units  of  time  arc  needed? 

20)  Should  units  of  angle  be  specified? 

21)  Is  there  any  other  question? 

22)  To  whom  should  we  send  this  questionnaire? 

From  22  members  and  consultants,  answers  were  obtained.  They  are  too  long  (47  pages)  to  be  quoted  here. 


3.  Discussed  Topics 

3.1.  RELATIVISTIC  EFFECTS  ON  UNITS 

As  stated  in  the  paper  of  Fukushima  et  al.  (1986),  the  present  lAU  convention  on  time-like  arguments  to 
have  no  secular  difference  among  them  will  force  one  to  use  different  sets  of  units  in  different  coordinate 
systems  within  the  framework  of  general  relativity;  the  terrestrial  meter  and  second  in  the  geocenvic 
coordinate  system  on  the  one  hand,  and  the  baiyccntric  meter  and  second  in  the  baryccntric  coordinate 
system  on  the  other  hand,  for  example.  Furthermore  both  of  these  units  differ  from  SI  units.  It  was 
acknowledged  that  there  are  two  options  to  solve  this  pioblem.  The  one  is  to  keep  the  present  convention 
and  to  introduce  different  systems  of  units.  In  this  case,  a  ng  factor  should  he  inuoduced  to  connect 
different  systems  of  units.  The  other  is  to  abandon  the  present  convention  and  to  use  only  one  system  of 
units,  SI.  In  any  case,  it  was  noted  that  the  numerical  values  of  constants  determined  by  using  the  TDB- 
based  obscn'ation  should  be  examined  carefully. 

Ref.:  Fukushima  ei  al:.  1986,  Celestial  Mechanics,  36, 215. 

3.2.  CHOICE  OF  DEHNING  CONSTANTS 
Kubo  argued  that 

'The  defining  constants  should  be  the  constants  such  that  no  inconsistency  will  be  caused  by  assigning 
them  whatever  numerical  values.  The  Gaussian  constant  k  defines  the  length  of  AU.  However,  we  should 
remark  that  k  never  fixes  the  length  of  AU.  If  the  physical  magnitude  of  CMgun  changes,  the  length  of  AU 
will  change  even  if  k  is  kept  the  same.  The  length  of  AU  should  be  unchanged  even  the  mass  of  actual  Sun  or 
G  will  change,  shouldn't  it?  To  define  AU  by  means  of  k  is  just  the  same  as  to  define  a  day  by  means  of  the 
mean  solar  day,  isn't  it?  If  so,  we  must  define  AU  by  the  light  time  for  unit  distance  and  we  should  adopt 
as  a  defining  constant." 

Some  members  supported  his  idea,  however  many  others  preferred  to  keep  the  present  style,  namely  A  and  c 
as  defining  constants. 

3.3.  DISCRIMINATION  OF  CONSTANTS  AND  QUANTITIES 

The  answers  to  the  questionnaire  indicated  the  tendency  to  extend  the  coverage  of  the  system  of  asU'onomital 
constants  to  include,  for  example,  the  transformation  mauix  between  FK5  and  a  galactic  rcrerencc  frame,  the 
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mean  rotational  angular  velocity  of  llie  Earth,  GM  of  many  natural  satellites  and  so  on.  However,  it  is  clear 
that  the  degree  of  accuracy  for  estimated  numerical  values  differs  very  much  depending  on  the  nature  of  the 
determination.  Some  constants  have  more  than  10  well-determined  digits  while  others  are  estimated  with 
50%  accuracy.  Also  it  was  argued  that  there  arc  two  conuadictory  requirements  on  constants:  1)  to  seek  the 
latest  and  most  accurate  values  and  to  update  them  as  frequently  as  possible,  and  2)  to  keep  them  as 
standards  for  long-term  references.  To  solve  this  dilemma,  Sinclair  proposed  to  discriminate  primary  and 
secondary  constants  and  to  call  the  latter  as  "best  estimates".  This  proposal  was  welcomed  by  many 
members,  hov.  ;cr,  to  draw  a  line  between  them  will  require  a  deep  consideration  as  Scidelmann  stressed. 
Also  many  people  felt  that  to  extend  the  coverage  is  beyond  the  mission  of  the  SGAC  even  if  it  is 
desirable. 

3.4.  NEED  FOR  STANDARD  PROCEDURES 

Almost  all  replies  stressed  the  importance  of  providing  standard  procedures  in  fundamental  astronomy.  In 
other  words,  they  required  a  kind  of  lAU  version  of  the  lERS  Standards.  The  lERS  Standards  do  not  cover 
the  whole  of  fundamental  astronomy  so  that  another  standards,  say  lAU  Standard  Procedures,  arc  required. 
Also  possible  media  for  their  distribution  were  discussed;  to  utilize  E-mail  systems  or  to  provide  them  in  a 
machine-readable  form.  However,  some  members  argued  tliat  to  prepare  them  is  far  beyond  the  mission  of 
the  SGAC.  So  it  was  proposed  to  establish  a  special  working  group  for  their  establishment. 

3.5.  UPDATE  MECHANISM 

The  update  mechanism  of  tltc  geodeti'  system  of  constants  and  their  best  estimates  in  the  I  AG  was 
discussed  and  almost  all  members  and  consultants  agreed  to  introduce  a  similar  kind  of  mechanism  into  the 
lAU.  Namely,  to  keep  a  system  of  constants  for  long-term  references  and  to  update  a  list  of  best  estimates 
for  other  specified  'quantities'  at  every  General  Assembly. 


4.  Proposed  Recommendations 

Note  that  the  proposed  Recommendations  listed  in  the  following  arc  different  from  the  final  ones.  They  arc 

quoted  here  just  to  show  the  change  of  opinions  in  the  course  of  di.scussions  in  our  sub-group. 

Recommendaiion  Cl:  Separation  of  constants  and  quantities  in  astronomy  and  the  establishment  of  a 
permanent  working  group  to  maintain  the  list  of  astronomical  quantities 

recognizing  the  importance  in  astronomy  to  di-scriminatc  the  well-established  constants  and  the  quantities 
whose  estimates  will  be  improved  frequently, 

reconwtends  that  the  former  constants  and  the  units  remain  as  a  system  of  astronomical  anits  and  constants 
which  should  be  used  as  numerical  standard-s  to  produce  long-term  references,  and  should  be 
unchanged  unless  the  adopted  values  of  constants  deviate  greatly  from  their  latest  estimates  or 
the  structure  of  system  becomes  inadequate  due  tc  the  increased  knowledge, 
tliat  the  estimates  of  latter  quantities  shall  be  presented  and  updated  at  every  General  Assembly 
from  now  on,  and 

that  a  permanent  working  group  named  the  Working  Group  on  Astronomical  Quantities 
(WGAQ)  shall  be  established  for  the  update  and  improvement  of  the  list  of  such  estimates. 

Recommendation  C2:  lAU  (1991)  System  of  Astronomical  Units  and  Constants 

recommends  that  the  attached  list  of  units  and  constants  Annex  1  (dropped  from  this  report)  shall  be  adopted 
as  the  "lAU  (1991)  System  of  Astronomical  Units  and  Constants",  which  should  be  used  as 
the  numerical  standards  to  produce  long-term  references  in  asuonomy. 


Recommendation  C3:  'AU  ( 1 991)  Estimates  of  Astronomical  Quantities 
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recommends  that  tlic  attached  list  of  estimates  of  quantities  Annex  II  (dropped  from  this  report)  shall  be 
referred  as  the  "lAU  (1991)  Estimates  of  Astronomical  Quantities”,  which  can  be  used  as 
numerical  standards  in  astronomy. 

Recommendation  C4:  Establishment  of  electronic  accesses  to  the  lAU  (1991)  System  of  Astronomical 
Units  and  Constants  and  the  lAU  (1991)  Estimates  of  Astronomical  Quantities 

noting  that  the  recommended  lists  of  constants  and  estimates  of  quantities  contain  a  great  deal  of 
digits  in  their  expressions, 

recognizing  the  necessity  to  avoid  mistakes  caused  by  copying  these  digits  by  hands, 
recommends  establishing  electronic  accesses  to  these  lists. 

Recommendation  C5:  Establishment  of  a  working  group  to  prepare  the  lAU  Standards  of  Procedures 

noting  that  the  MERIT  Standards  and  the  lERS  Standards  have  contributed  significantly  in  the 
progress  of  astronomy  and  geodesy, 

that  these  standards  of  procedures  do  not  cover  the  whole  of  basic  astronomy,  and 

recognizing  that  it  is  not  sufficient  for  tlie  establishment  of  refeienccs  to  prepare  only  the  numerical 
standards,  namely  a  system  of  astronomical  constants  and  a  list  of  estimates  of  asu-onomical 
quantifies,  unless  the  standard  procedures  for  using  these  numerical  values  are  also  given, 

recommends  establishing  a  working  group  named  the  Working  Group  on  Standards  of  Procedures  (WGSP) 
to  prepare  a  draft  report  on  standards  of  procedures  needed  in  astronomy,  which 

1)  should  have  a  maximum  degree  of  compatibility  with  the  lERS  Standards, 

2)  should  include  the  implementations  of  procedures  in  the  form  of  tested  software  as  often 
as  possible,  and 

3)  should  be  made  available  not  only  in  the  form  of  literature  but  also  in  the  form  which 
computers  can  read  easily, 

at  least  six  months  before  the  next  General  Assembly. 


5.  Current  Systems  of  Astronomical  Constants 

There  are  three  sets  of  asuonomical  constants  currently  used  as  self-consistent  systems;  the  IAU1976 
System,  DE200  System  and  lERS  Standards  (1989).  Note  that  both  the  Connaisance  des  Temps  (French 
Ephemeris)  and  the  Japanese  Ephemeris  were  obtained  by  fitting  their  positional  values  to  those  of  DE2(X) 
but  by  using  the  IAU1976  System.  While  the  Astronomical  Almanac  and  other  national  ephcmcridcs  arc 
based  on  the  DE200  both  in  positional  values  and  in  the  system  of  constants.  Some  constants  arc  the  same 
for  these  three  systems; 


k 

== 

0.01720209895 

AU3/2day-l/Vfsmr*^. 

c 

= 

299792458 

m/s, 

p 

rr 

5029.0966 

7jc. 

AfSun/^Mercury 

= 

6023600, 

^Sun/^Venus 

= 

408523.5, 

^Sun/^Mars 

= 

3098710, 

^Sun/^Ncptunc 

=: 

19314, 

where  square  brackets  denote  a  derived  constant.  Constants  whose  values  arc  different  among  tlirce  systems 
arc  shown  in  the  table  below  where  the  units  for  G,CMEaiih  and  CMsun  afc  lO’* *m3/(kg*s^). 


31 


and  10+^®in^/s^,  respectively.  In  the  table,  dashes  mean  that  the  value  of  corresponding 
constant  is  not  defined  explicitly  in  the  literature  nor  able  to  be  computed  from  other  defined  values  in  the 
system. 


Constants 

IAU1976 

DE200 

IERS1989 

ta/s 

499.004782 

[499.00478370] 

499.00478370 

AU/m 

[149597870] 

149597870.66 

[149597870.66] 

G 

6.672 

— 

6.67259 

6378140 

— 

6378136 

•^2Earth 

0.00108263 

— 

0.001082626 

GAf  Earth 

3.986005 

[3.98600448] 

3.98600448 

/Earth 

[1/298.257] 

— 

[1/298.257] 

AfSun/(^Earih+AfMoon) 

[328900.5] 

328900.55 

[328900.55] 

AfSun/Af  Earth 

[332946.0] 

[332946.038] 

DE200 

^MoonMf  Earth 

0.01230002 

[0.012300034] 

0.012300034 

AfEarth/^Moon 

[81.30068] 

81.300587 

[81.300588] 

£o 

23°  26*  2r.448 

[23°26‘21”.4119] 

DE200 

AfSun/Af  Jupiter 

1047.355 

1047.350 

DE200 

Af  Sun/Af  Saturn 

3498.5 

3498.0 

DE200 

AfSun/AfUranus 

22869 

22960 

DE200 

AfSun/Af  Pluto 

3000000 

130000000 

DE200 

ttSun 

[8".794148] 

— 

[8".794141] 

(^Afsun 

[1.32712438] 

[1.327124399] 

[1.32712440] 

Ref.:  aAU1976)  Duncombe  et  ai:  1977,  Transactions  of  the  lAU,  X  VIB,  56. 

(DE200)  Standish:  1990,  Asiron.  and  Astrophys.,  223, 252. 

(IERS1989)  McCarthy  el  al.:  1989,  lERS  Tech.  Note,  No.3, 1 . 

This  table  clearly  shows  that  the  numerical  standards  in  the  lERS  Standards  (1989)  were  mostly  based  on 
the  DE200  System  though  its  classification  of  primary  and  derived  constants  differs  from  that  of  the  DE200 
System  sometimes.  Note  that  the  listed  values  of/Earth  ^  different  with  each  other  though  they  seem  to  be 
the  same.  This  is  because /Earth  is  analytically  derived  from  the  values  of  OcEarth.  'f2Eanh.  and  GA/Earth 
plus  the  mean  angular  velocity  of  the  Earth  rotation  a)Earth>  and  the  adopted  values  of  first  three  arc 
different  in  the  IAU1976  System  and  in  the  lERS  Standards  (1989).  The  adopted  values  of  tWEarih  arc  the 
same  in  these  two  systems  and  is 

tWEarth  =  7.2921 15  X  10'^  radian/s 

The  readers  can  consult  with  the  explanation  of  the  Geodetic  Reference  System  1980  (GRS1980)  by  Moritz 
for  the  further  information  on  the  derivation  procedures  of  geodetic  constants  such  as  /Earth- 

Ref.:  (GRS 1980)  Moritz:  1988,  Bulletin  Giodisique,  62,  No.  3, 348. 


6.  Current  Best  Estimates 

The  followings  arc  the  best  estimates  of  astronomical  constants  whose  references  are  available  at  present, 
i.e.  October,  1990.  We  must  note  that  some  of  these  arc  not  final  determinations  and  research  to  update 
these  values  is  still  on  going.  Also  note  that  these  estimates  were  all  derived  by  using  TDB  as  a  time-like 
argument  in  the  solar  system  barycentric  coordinate  system.  Thus,  if  we  adopt  the  way  to  allow  secular 
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differences  among  the  tinic-Iikc  arguments,  the  numerical  value  of  some  constants  shall  be  changed, 
especially  for  those  with  more  than  8  significant  digits. 

WARNING:  Much  care  should  be  taken  in  the  use  of  following  estimated  values  in  conjunction  with 
ephemerides  or  star  catalogs  which  are  based  on  the  existing  systems  of  astronomical  constants  such  as 
Ascribed  in  the  preceding  section! 

6.1.  LIGHT  TIME  FOR  AU 

Best  estimates  of  ta  and/or  AU/m  have  been  obtained  as  a  solvc-for  parameter  in  creating  planetary 
ephemerides.  The  following  is  a  table  of  their  values  determined  in  creating  JPL's  DE  scries. 


System/Ephcmcridcs 

AU/m 

Ta/s 

IAU1976 

[149597870] 

499.004782 

DE96 

149597871411 

[499.006708] 

DE102 

0683 

[  3779] 

DE108 

0705 

[  3853] 

DEI  11 

0652 

[  3676] 

DEI  18,  DE200 

0660 

[  3703] 

DE125,  DE201 

0614 

[  3549] 

DE130,  DE202 

0609 

[  3533] 

Ref.:  (DE96-DE118,  DE200)  Standish:  \990,  Astron.  and  Astrophys.,  223,  252. 

(DE125, 130;  DE201, 202)  Standish:  1990,  private  communication. 

Standish  reported  that  the  standard  deviation  for  AU/m  is  ±50  for  the  DEI  18  or  DE200  value  because  AU/m 
would  change  by  that  amount  as  a  result  of  improvement  of  asteroid  modelling.  He  also  said  that  the 
DE130/DE202  was  not  a  final  version  based  on  the  latest  observations  including  Voyager  encounters  with 
outer  planets.  Tlicrcforc,  we  do  not  recommend  any  value  of  these  as  a  best  estimate  at  present. 

6.2.  PRECESSION  CONSTANT 


According  to  McCarthy,  there  have  been  the  following  estimates  of  a  correction  to  the  precession  constant 
in  IAU1976  System,  where  the  unit  is  mas/Julian  year  =  0”.l/jc. 


-2.39 

(± 

0.13) 

-5.00 

(± 

1.10) 

-1.80 

(± 

0.13) 

-2.05 

(± 

0.15) 

-3.76 

(± 

0.47) 

-2.53 

(± 

0.24) 

-2.22 

(± 

0.14) 

-2.7 

(± 

0.4) 

Herring  et  al.:  1986,  Jour.  Geophys.  Res.,  91,  4745. 

Herring:  1988,  Bill  Annual  Report  for  1987,  D-106. 

However,  Herring  recommended  the  correction  -3.00. 

Sovers  and  Edwards:  1988,  BIN  Annual  Report  for  1987,  D- 109. 
Steppe  et  al.:  1989,  lERS  Tech.  Note,  No.2. 

Zhu  et  al.:  1989,  Astron.  Jour.  99,  1024. 

.McCarthy  and  Luzum:  1990,  to  be  submitted  to  Astron.  Jour. 
Whipple:  1990,  private  communication. 

Williams  et  al.:  1990,  Submitted  to  Astron.  and  Astrophys.  Let. 

This  paper  gives  also  an  estimate  of  general  precession  as  5028".82/jc. 


We  take  the  unweighted  mean  of  these  except  for  tlie  value  -5.00.  The  resulting  correction  becomes  -2.493 
(±  0.634).  After  rounding  the  last  digit,  we  have  a  best  estimate  of  the  precession  constant  as 


p  =  5028.847  (±  0.063)  "/jc 
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However,  we  should  remark  that  this  value  is  not  compatible  with  the  published  national  ephemcrides,  the 
existing  star  catalogs  such  as  FK5,  nor  the  lAU  (1976)  Precession  theory. 

6.3  OBLIQUITY  OF  THE  ECLIPTIC 

According  to  Standish,  best  estimates  of  the  obliquity  of  ecliptic  have  been  obtained  dynamically  from  the 
analysis  of  motion  of  ecliptic  realized  in  the  planetary  ephemerides.  In  this  sense,  it  is  not  a  primary 
constant  but  a  kind  of  derived  constant  although  its  derivation  procedure  is  complicated.  The  following  is  a 
table  of  their  values  determined  from  JPL's  DE  series  and  an  analytical  planetary  theory  VSOP82. 


System/Ephemeridcs 

IAU1976 

23°26'2r.448 

DE96 

.■in 

DE102 

.412 

DE108 

,310 

DEI  11 

.412 

DE118,DE200 

.412 

VSOP82 

.409 

DE125, 130:DE201,202 

.411 

Ref.:  (DE96-DE1 18,  DE200)  Standish:  1990,  Asiron.  and  Astrophys.,  223,  252. 

(VSOP82)  Bretagnon:  1982,  Asiron.  and  Astrophys.,  114,  278. 

(DE125, 130;  DE201,202)  Standish:  1990,  private  communication. 

Judging  from  the  trend  of  convergence  seen  in  this  list,  we  recommend  its  best  (derived)  estimate  as 

eo  =  23°26'21".411  (±0".002). 

However,  we  should  remark  that  this  value  is  not  compatible  with  the  published  national  ephemerides,  the 
existing  star  catalogs  such  as  FK5,  nor  the  lAU  (1976)  Precession  theory.  Also  note  that  one  should  use 
the  corresponding  value  of  obliquity  when  one  uses  a  certain  planetary  ephemeris. 

6.4  EARTH-MOON  MASS  RATIO 

Best  estimates  of  the  Earth-Moon  mass  ratio  have  been  obtained  as  a  solve-for  parameter  in  creating 
planetary  ephemerides.  The  following  is  a  table  of  their  values  determined  and/or  adopted  in  JPL's  DE 
series.  This  value  may  be  better  treated  as  a  derived  constant  to  be  derived  from  the  two  primary  constants 
GAf  Earth  and  Afsun/AfEarth+Moon  with  the  use  of  Ta  or  AU/m. 


Systcm/Ephcmcridcs 

Af  Earth/Af  Moon 

/i  =  A/MoonfAfEarlh 

IAU1976 

(81.3006811 

0.01230002 

DE96, 102 

81.3007 

(0.0123000171] 

DE108 

49 

[  489) 

DEI  11, 118-130;  DE200-202 

587 

(  342] 

Ref.:  (DE96-DE1 18,  DE200)  Standish,  1990:  Asiron.  and  Astrophys.,  223,  252. 
(DE125, 130;  DE201, 202)  Standish,  1990:  private  communication. 


6.5  GM  OF  PLANETARY  SYSTEMS 


34 


According  to  Suuidish,  the  values  in  the  table  below  are  the  current  best  estimates  of  GM  of  the  planets, 
where  square  bracket  denotes  the  derived  value  using  (he  DE200  estimate  of  AU/m  =  1495978706^.  Note 
that  these  GA/pjanct  values  include  the  contribution  of  satellites. 


Planet  AfSun/Af  Planet  GAfp3anei/(km^/s^) 


Mercury 

6023600. 

(±250) 

Venus 

[408523.71 

(± 

0.06)) 

324858.60 

(±  0.05) 

Eaith+Moon 

328900.55 

Mars 

3098708. 

(± 

9) 

Jupiter 

(1047.3486  (+ 

0.0008)] 

126712767. 

(±100) 

Saturn 

3497.898 

(± 

0.018) 

Uranus 

22902.94 

(± 

0.04) 

Neptune 

(19412.240 

(± 

0.057)) 

6836534. 

(±  20) 

Pluto+Charon 

1.350 

(± 

0.006)  X  10+* 

Ref.:  (Mercury) 

(Venus) 

(Earth+Moon) 


(Mars) 

(Jupiter) 

(Saturn) 

(Uranus) 

(Neptune) 


(Pluto+Charon) 


Anderson  et  al.:  1987,  f earns,  71, 337. 

This  is  the  same  as  those  in  IAU1976,  DE200  and  1ERS1989  systems. 

Sjogren  ei  al.:  1990,  Geophys.  Res.  Leit.,  17,  1485. 

Standish:  1987,  "Ephemerides  DE130/LE130  &  DE202;'LE202",  JPL  Inieroffice 
Memo.,  314.6-891. 

This  is  the  same  as  that  in  DE200. 

Null:  1969,  Astron.  Jour.,  72,  1292. 

Campbell  and  Synnott:  1985,  Astron.  Jour.,  90,  364. 

Campbell  and  Anderson:  1989,  Astron.  Jour.,  97, 1485. 

Anderson  et  al.:  1987,  Jour.  Geophys.  Res.,  92,  14877. 

Tyler  et  al.:  1989,  Science,  246,  1466. 

This  paper  gives  a  value  for  the  reciprocal  ratio  to  CA/sun.  however,  the 
conversion  was  done  using  an  old  value  for  the  speed  of  light.  A  correct  value  is 
shown  here. 

EJerived  from  Tholcn  and  Buie:  1988,  Astron.  Jour.,  96, 1977. 

The  value  and  uncertainty  arc  derived  from  the  cited  values  of  19640  (±  320)  km 
for  tlic  semi-major  axis  and  6.387230  (±  0.000021)  days  for  (he  period  of  the 
orbital  motion  of  Pluto+Charon. 
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KL'LATlVlSriC  HIEKAKCHY  OK  KEKEKKNCE  SYSTEMS  AND  TIME  SCALES 


V.A.Urumberg 

Institute  of  Applied  Astronomy 
197042  Leningrad 

U.S.S.K. 


ABSTRACT.  Relativistiv”;  hierarchy  of  reference  systems  (RS)  developed  in 
recent  years  by  different  authors  is  examined  in  detail.  Metric 
expressions  and  transformation  relations  for  solar  system  barycentric  RS 
(BRS),  heliocentric  RS  (HRS),  Earth-Moon  local  RS  (LRS),  geocentric  RS 
(ORS),  topocentnc  RS  (TRS)  and  Earth  satellite  RS  (SRS)  may  be  obtained 
explicitly  in  harmonic  coordinates  of  CRT.  The  time  coordinate  of  any  RS 
involves  the  corresponding  time  scale.  Particular  attention  is  given  to 
the  closed  form  representation  of  GRS  avoiding  expansions  in  powers  of 
the  geocentric  coordinates.  GRS  has  been  constructed  in  both  versions  of 
dynamically  non-rotating  GRS  (DGRS)  or  kinematically  non-rotating  GRS 
(KGRS).  DGRS  and  EGRS  differ  in  their  space  axes  orientation  by  the 
amount  of  the  geodi'sic  precession.  Similarly,  taking  into  account  the 
motion  ol  tlie  Sun  around  the  center  of  the  Galaxy  one  should  distinguish 
between  dynamically  non-rotating  BRS  (DHRS)  and  kinematically 
non-rotating  BRS  (KBRS)  differing  in  their  space  axes  orientation  by  the 
amount  of  the  galactic  precession.  Reduction  to  the  galactic  time  and 
the  galactic  space  axes  may  be  needed  in  the  nearest  future. 


1.  INTROUUG'J  ia\ 

Presently,  any  theory  of  astronomical  reference  systems  and  time  scali's 
adequate  to  the  precision  of  modern  observations  may  be  developed  only 
witliin  the  GRT  framework.  However,  the  preliminary  discussion  by  the  lAt 
Working  Group  on  Reference  Systems  of  the  corresponding  relativistic 
formulations  sugg<'sted  iti  (Briiniberg  eiiid  Kopejkin,  lySSa,  IH'.iU)  lias  shown 
that  manj  astronomers  are  not  ready  to  appreluMid  i^hese  tormiilations  and 
regard  them  as  "toe  tt‘chnical".  The  difficulties  of  ajipridionsKii 
increase  when  considering  not  only  one  approach  to  d‘'\elop  relativistic 
reference  systems  but  a  whole  set  of  the  alternative  apiiroaches  based, 
for  instance,  on  PPN  formalism  (Will,  I'JBl),  general  1 7,it  ion  ot  l-ermi 
normal  coordinates  (Ashby  and  Bertotti,  ISHB;  tukushima,  198B),  tetrad 
formalism  (Soffel,  1989),  etc.  The  aim  of  the  present  paper  is  to 
elucidate  the  key  statements  ol  relativistic  formn lat lens  ami  to 
simplity  as  much  as  possible  thi'ir  "technical"  aspc-cls  not  dirani  i  slung 
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the  level  of  necessary  experinental  precision  and  aathematical  accuracy. 
The  paper  is  based  on  the  technique  to  construct  the  hierarchy  of 
reference  systems  in  harmonic  coordinates  exposed  in  (Brumberg  and 
Kopejkin,  1989a,  1990). 


2.  KEKEKENCE  SYSTEM  IN  GKT 

A  reference  (coordinate)  system  in  GKT  is  given  by  the  symmetric 
quadratic  form  ds  determining  the  metric  of  the  four  dimensional 
pseudo-Kiemannian  space  of  events  of  GKT 

ds^  =  g^^dx^ dx'  ,  X  ~  ct  ,  H,  V  =  0,1, 2, 3  ,  (1) 

c  being  the  velocity  of  light.  The  quantity  t  is  called  the  coordinate 
time^of  the  system.  The  spatial  coordinates  of  the  system  are  designated 
by  X  (i=l,2,3).  Einstein  summation  rule  over  repeated  greek  or  latin 
index  is  used  everywhere,  in  absence  of  the  gravitating  masses  the 
reference  system  may  be  chosen  so  that  the  components  of  the  metric 
tensor  (the  gravitation  potentials)  take  the  values  with 

’Joo  "  ^  ’  ^ol  “  ^  ^ 

(pseudo-Euclidean  or  Minkowskian  or  Galilean  metric).  These  values 
determine  the  inertial  reference  system  of  special  relativity  theory.  In 
presence  of  the  gravitating  masses  the  components  g^^  determined  by  the 

Einstein  field  equations  are  represented  by  expansions  in  powers  of  v/c 
(v  being  the  characteristic  velocity  of  bodies) 


g  =  T 

+  h 

(IV 

h  = 

+  c 

00  00 

00 

h,  = 

0l  oi 

Oi 

h,  =  hf ' 

+  . . . 

ij  ij 

+  ♦ 


+  • 


(3) 

(4) 

(5) 

(6) 


The  upper  index 
respect  to  v/c. 


in  parentheses  Indicates  the  order  of  smallness  with 

The  quantity  h,  is  caused  not  by  the  gravitating 
01 


masses  but  by  the  motion  of  the  reference  system.  Two  cases  are  typical. 
The  first  one  is  related  v;ith  a  system  in  rotation.  If  a  system  is 
originated  by  rotation  of  the  spatial  axes  of  the  iqertial  system  and 
the  |ingular  velocity  components  on  t)ie  moving  axes  x  are  designated 
by  «  then  the  metric  (1)  will  be  characterized  by  the  occurrence  of  the 
term 


=  -  c  .y  =  -  c  (uXx)  .  (7) 

e  is  the  three  dimensional  fully  antisymmetric  Levi-civita  sjmbol 

^  1  1 
(e^jj=  +1).  a  and  x  are  the  triplets  of  components  v  and  a 

respectively.  In  the  second  case  a  reference  system  is  resulted  from 
formal  application  to  tlie  inertial  system  of  three  dimensional  Galileo 
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tr&nsfor«ation  characterized  by  the  translatory  velocity  v^. 
metric  (1)  will  contain  a  typical  term 


Then  the 
(8) 


In  what  follows  we  shall  be  interested  only  in  reference  systems 

transforming  in  absence  of  tJje  gravitating  masses  into  inertial  systems 

of  special  relativity  theory.  Metric  (1)  of  such  systems  cannot  contain 

t’.s  terj^^  (7)  or  (8)  and  expansion  (5)  begins  only  with  the  third  order 

terms  h\  . 
ol 


No  matter  where  to  stop  in  expansions  {4)-(6)  one  obtains  different 
accuracies  for  astrometric  problems  (based  on  the  equations  of  light 
propagation)  and  for  celestial  mechanics  problems  (based  on  the 
equations  of  motion  of  celestial  bodies).  In  fact,  in  neglecting  at 

all, metric  (1)  y^^lds  the  Newtonian  equations  of  light  propagation. 

Ketaining  only  h  enables  one  to  derive  the  Newtonian  equations  of 
00 

motion  of  celestial  bodies.  This  permits  also  to  take  into  account  the 
post-Newtonian  terms  in  the  pi^p^blera  o^g^clock  synchronization  and  time 
scale  relations.  Considering  and  results  in  the  post-Newtonian 

equations  of  light  propagation  in  the  static  field  (ignoring  the  motion 

of  the  gravitating  masses).  In  taking  into  account  h  ,  h,,  and  h, 

00  1}  ol 

one  yields  the  complete  post-Newtonian  equations  of  light  propagation 

(3) 

(considering  the  motion  of  the  masses).  Moreover,  the  terms  h,  are 


crucial  to  describe  the  relativistic  rotatip^i  of  ^|ie  spatial  axes  <jf  the 
reference  system.  Finally,  including  n  ,  h!  n]  and  n  '  one 

00  Xj  ol  00 

obtains  the  post-Newtonian  equations  of  motion. 

Nowadays,  one  may  rae^Jij  sugge^^ion  to  define  relativistic  reference 
systems  by  fixing  only  n^'  and  .  This  is  sufficient  for  present  day 

astrometry.  But  this  is  quite  inadequate  for  modern  celestial  mechanics 
using  the  post-Newtonian  equations  of  motion  of  the  solar  system  bodies 
and  will  be  soon  insufficient  for  high-precision  astrometry  (millisecond 
pulsar  timing,  POINTS  project,  etc. )  demanding  the  complete 
post-Newtonian  equations  of  light  propagation.  It  seems  to  us  that  one 
should  define  a  reference  system  with  some  excess  of  accuracy  and 
therefore  it  is  reasonable  to  fix  all  the  terms  indicated  in  expansions 
{4)-(6). 

The  dots  in  (4)-(6)  mean  the  terms  of  more  high  order,  in  particular, 
the  terms  responsible  for  gravitational  radiation  of  the  system  of 
bodies.  For  ephemeris  astronomy  problems  these  terras  may  be  ignored  as 
yet. 


3.  BKS  IN  HAKMONIC  CUUKUINATFS  AND  IN  FFN  FUKHALISM 

Uynaraically  non-rotating  barycentric  reference  system  for  the  solar 
system  (DBFS)  may  be  represented  in  the  post-Newtonian  approximation  of 
UKT  in  arbitrary  quasi-Ualilean  coordinates  in  the  form 
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Newtonian  potential  U,  vector-potential  L-  and  complementary  potentials 
^.1  >  '^,1  and  'i  satisfy  I’oisson  equations 

1  cf  J  « 


^'.kk  =  ■  ’  ^'!kk  =  ■  '  '^I.Kk  ""  "  ’ 


,kk 

^,kk 
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(13) 


Comma  with  subsequent  index  denotes  the  derivative  witli  respect  to  the 
corresponding  variable. p  is  the  conserved  density,  r  is  the  \eli,(  it\  of 


'3,l,k  •  S,k.  =  -  \,:r  ‘ 

indc: 

'.p  is 

t!ie  matter,  p  is  the  pressure  and  11  is  the  internal  etiergj .  (i  is  the 
gravitational  constant,  a.  and  are  four  arbitrary  liinc-t  loiu-  (.i,  arc 

of  the  second  order  of  smallness,  .'j  is  of  the  third  order).  \At)  are 

the  spatial  coordinates  of  body  .4,  means  the  regiiJar  i;.irt  of  it,  in 

k  k 

substituting  .V  =  ,y‘.  It  IS  of  importaiid’  to  note  that  function  n 

A  •* 

entering  in  the  Lagrangian  in  form  of  total  derivative  lias  no  inriucnco 
on  the  post-Newtonian  equations  of  motion  of  bodies. 

functions  and  are  specified  by  the  coordinatt  londilioiii. 

represented  bj  four  differential  or  algebraic  relatioid  for  tin-  metric 
tensor  components  and  their  first  derivati\es.  these  fuiu  lions  cli'leniiine 
the  type  of  the  coordinates  employed.  One  uses  rather  often  t  tie  liarmoiin 
coordinate  conditions.  Their  main  niat.'iematical  advantage  is  the 
existence  of  explicit  iiiathomat  ical  formulation 

[(-i-)''V‘’]  =0  ,  g  =  delis  }  , 


(  M  ) 


I  ^ 


If  the  tilde  denotes  harmonic  coordinates  then  the  relationsbi p  ol  llir 
arbitrary  coordinates  used  above  with  the  liarmotiic  oiu's  is  of  the  form 


'’0  0  'k  k 

X  =  .Y  +  H  ,  Y  =  Y  -  a, 


Of.) 


This  means  that  metric  O)-(i)),  (y)-(11)  becomes  liarmoiuc  witli  a  =.ij=U. 


Foteiitial  1  in  the  point  mass  approximation  has  tlie  form 
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and  being  velocity  and  acceleration  of  the  center  ol  mass  oi  bod.’. 
A,  In  Newtonian  approximation 
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At  infinity  (but  let  us  remember  that  BKS  is  not  valid 
distances  from  the  solar  system)  all  potentials  except  for 
coefficients  {9)-(ll)  will  contain  only  one  non-zero  term 


is  not  valid  for  too  large 
als  except  for  X  vanish  and 


Hence,  ar  infinity  the 
coordinates  takes  the 


spatial  part  of 
fciuclidean  form 


BUS  metric 
there  ren 


harmonic 


remains  in  g 

Vj 

relativistic  term  (18). 

Along  with  harmonic  representation  the  BKS  metric  in  KKN  formalism 
coordinates  is  also  widely  used  (Misner  et  al.,  1973;  Will,  1981).  The 
PFN  system  is  characterized  by  its  spatial  isotropy  (as  well  as  the 
harmonic  representation)  and  its  Galilean  form  at  infinity.  This 
involves  the  choice  of  the  coordinate  functions  as  follows: 

In  so  doing,  function  (17)  disappears  from  (11)  and  in  the  right-hand 
side  of  (10)  there  will  be  an  additive  term 


-i  OA  l-ir-  Ak,,  Ik, 

a  ,  -  c  - 7  ~  -  r,  c  i,  —  V.  6„  -•  nji, ) 

0,1  a  i  2  “  r  A  ik  A  a 

at  Ox  A  A 

It  is  easy  to  see  that  at  infinity  all  coefficients  (9)-(ll)  for  tlie  BKS 
metric  in  -’FN  coordinates  vanish  resulting  in  Galilean  form  for  the  BKS 
metric. 

Hence,  the  spatial  harmonic  and  FFN  coordinates  are  the  same 


1  K  1 

"a",> 


wliereas  the  time  coordinates  are  related  by  t!ie  equation 


£  =  £  +  c 


I  Y'  k  t 


Using  physical  terminology  one  says  that  HFN  and  harmonic  coordinate 
systems  belong  to  one  and  the  same  reference  frame  differing  only  by  the 
time  coordinates. 

Kelations  (20)  and  (21)  enable  one  to  conclude  that  FFN  formulation 
and  harmonic  representation  of  BKS  are  practically  equivalent  witliin  the 
pr^se^t  accuracy  (v/c‘).  (July  in  dealing  with  the  higher  order  effects 
(v/c  as  in  discussing  IXllNTS  observations)  this  difference  might  be 
taken  into  account.  As  pointed  above,  the  advantage  of  harmonic 
coordinates  is  due  to  their  explicit  mathematical  formulation.  In 
transforming  to  any  other  reference  system  (geocentric,  topocentric, 
etc.)  it  is  easy  to  impose  the  harmonic  conditions  on  new  metric 
coefficients  and  to  ensure  therewith  t!ie  harmonic  form  of  the  coordinate 
transformation.  On  the  contrary,  the  FFN  formulation  has  been  developed 
only  for  BKS  and,  moreover,  only  in  the  post-Newtonian  approximation. 
The  transformation  within  the  FFN  framework  to  other  systems  has  not 
been  elaborated  so  far.  There  is  no  definite  FFN  procedure  to  take  into 
account  the  higher  order  terras,  with  respect  to  these  two  aspects  the 
harmonic  representation  is  more  advantageous. 
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Let  us  reake  one  technical  remark  useful  for  comparison  with 
formulations  of  (Misner  et  al.,  1973;  Kill,  1981).  One  often  uses  the 
density  p  satisfying  the  relation 

(-g)  p  dx  =  pds 
or  *  j  1  > 

p  =  p  [1  +  c  V  +  3U)]  . 

Therefore,  *  ^ 

U  =  U  ^  c  (|  +  Sig) 

wher|  i*  is  the  same  Newtonian  potential  as  U  but  expressed  with  the  aid 

of  p  (all  other  potentials  are  the  same  within  the  adopted  accuracy). 

Hence,  in  virtue  of  (3),  (9),  (11)  and  (19)  coefficient  g  of  the  FHN 

00 


formalism  BKS  metric  takes  the  form 
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In  (Misner  et  al.,  1973;  wyi,  1981)  p  (designated  by  p  )  is  used  in  the 
equations  of  motion  and  p  (designated  by  p)  is  used  in  the  field 
metric,  Taking  into  account  the  difference  in  designations  and  signature 
we  obtain  the  expressions  of  these  papers  (with  the  UKT  values  for  the 
PFN  parameters).  We  think  it  reasonable  to  use  one  and  the  same 
conserved  density  p  both  for  the  field  metric  and  the  equations  of 
motion. 


4.  HIEKAKCHY  OF  ASTKONOMIGAL  KEFEKKNCt:  SYSTEMS 

For  astronomical  purposes  it  is  suitable  to  have  the  hierarchy  of 
relativistic  reference  systems  (KS)  as  follows: 

HKS  LKS  SKS 

t  /  i  /  t 

BKS  OKS  TKS 

with  BKS  (solar  system  barycentric  KS),  HKS  (heliocentric  KS),  LKS 
(local  Earth-Moon  barycentric  KS),  OKS  (geocentric  KS),  TKS  (topocentric 
KS)  and  SKS  (satellite  KS).  Such  an  hierarchy  (except  for  HKS  and  LKS 
which  may  be  constructed  by  analogy)  has  been  constructed  in  (Brumberg 
and  Ropejkin,  1989a, b)  conforming  with  three  principles: 

1)  harmonic  coordinates  are  used  for  each  system; 

2)  the  principle  of  equivalence  is  met  in  each  system,  i.e.  the 
influence  of  the  external  masses  is  described  only  by  tidal  terms  (in 
particular,  the  terms  like  (8)  are  absent); 

3)  each  system  is  dynamically  non-rotating  (there  are  no  terms  like 

(7)  or  similar  third  order  terras  in  h,), 

01 

For  BKS  there  are  no  external  bodies  (in  ignoring  the  influence  of 
the  Galaxy)  and  all  the  solar  system  bodies  taken  into  account  are 
considered  as  internal  ones.  For  LKS  the  internal  bodies  are  the  Earth 
and  the  Moon  whereas  all  remaining  bodies  are  considered  as  external 
ones.  Both  HKS  and  GKS  have  one  internal  body,  the  Sun  or  the  Earth 
respectively.  For  TKS  and  SKS  all  the  bodies  are  external. 

The  matching  procedure  of  two  reference  systems  used  in  (Brumberg  and 
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Kopejkiti,  rj8fla,b)  starts  from  the  known  metric  coefficients  of  one 
system  and  permits  to  determine  1)  metric  coefficients  of  the  second 
system,  2)  trarisforniaLion  formulae  relating  two  metrics  and  3)  the 
equations  of  motion  of  the  origin  of  the  second  system  with  respect  to 
the  first  system. 

Obviously,  a  similar  hierarchy  may  be  constructed  using  alternative 
approaches  mentioned  above.  But  the  use  of  one  and  the  same  type  of 
coordinate  conditions  for  all  systems  in  combination  with  the  matching 
procedure  has  dc-inite  advantages,  for  instance: 

1)  the  finiti  transformatioii  formulae  for  spatial  coordinates  of  two 
systems  (quadratic  functions  in  contrast  to  the  power  series  of  the 
alternative  approaches); 

2)  unambiguous  determination  of  the  required  functions; 

3)  no  difficulties  in  considering  figure  characteristics  and  proper 
rotation  of  the  bodies. 

Bo  far,  in  all  papers  indicated  above  the  GKS  metric  has  been 

constructed  in  form  of  the  series  in  powers  of  the  geocentric  spatial 

coordinates.  It  is  to  be  noted  that  to  derive  the  GKS  post-Newtonian 

rigorous  (avoiding  expansions  in  powers  of  geocentric  coordinates) 

equations  of  motion  of  Karth  distant  satellites  it  is  sufficient  to 

apply  to  the  known  rigorous  BKS  equations  the  finite  transformation 

formulae  from  BKB  to  GKS.  dust  in  the  same  manner  one  can  get  the 

post-Newtonian  HKS  equations  of  motion  of  the  planets.  It  is  not  evident 

how  to  solve  these  two  problems  with  the  alternative  approaches  based  on 

power  scries  expansions.  For  astrometri^i^^  purposes  (r^e^uction  of 

observations)  GKS  witliin  the  level  of  /i*  ,  h;,  and  is  quite 

00  ij  ol 

adequate.  As  shown  in  the  next  section,  the  technique  of  (Bruraberg  and 
Kopejkin,  1989a, b)  permits  easily  to  construct  GKS  within  this  level  of 
accuracy  in  the  closed  form.  Needless  to  say  that  the  same  is  valid  for 
any  other  reference  system. 

Let  us  add  that  each  system  entering  in  the  hierarchy  under 
consideration  may  bc^  subjected  to  the  rigid  body  spatial  rotation.  The 
resulting  system  (KS  )  is  not  harmonic  anymore.  Its  metric  will  contain 
a  term  like  (7).  Such  a  system  is  used  for  solving  astrometric  problems. 


5.  CLUSFU  FUKM  OF  GKS  MLTKIG  (UGKS  AND  RGBS) 


Transformation  from  UBKS  determined  by  relations  (l)-(6)  and  (9)-(ll) 
with  =  0  to  GKS  defined  by 

(22) 


c/s*"  =  g  di^' dw  ,  w'*  =  cu 

flV 


and  having  its  origin  in  the  center  of  mass  of  the  Farth  E  is  given  by 
the  formulae  generalizing  the  Lorentz  transformation  of  special 
relativity  theory  (Bruraberg  and  Ropejkin,  1989a, b) 

«  =  t  -  c’^[6’(t)  +  VgTg]  +  c’*[/l(t,rj)  -  I  +  ...  ,  (23) 

+  qF^Nt)  +  +  11^  ^‘' ( t)  )  +  ...(24) 

In  transformation  (24)  of  the  spatial  coordinates  functions  =  zi'"' 
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and  determine  the  relativistic  contraction  of  length. 

ik  kl 

Antisymmetric  function  b  -  -t  acts  as  the  angular  velocity  of 
rpta1;^ion  of  the  spatial  axes,  indeed,  introducing  the  triplet  F  = 

I?  \  •  <  4  4-  Vk 


F  ,  t  )  with 


one  has 


^  "  2 

t  =  r^Xt 


resulting  in  rotation  of  the  spatial  axes,  q  is  the  scalar  parameter  to 
be  defined  below.  The  inverse  transformation  is  of  the  form 

t  =  u  +  c^[S(t)  +  VgCOw*]  -  c’^[ii(u,  w)  +  + 

•  ifiijkjk.  !  ft  n  \ 

+  V  V  w  w  ]  +  . . .  ,  (27) 

o 

1  l/x\  J  1  "Sf/l  Ik  ^  .ik  ^  ,1k.  k  .  ,,ljk  J  k, 

X  =  .v_ (t)  +  w  -  c  [(r  b  qb  b  If  )ff  b  U  w  w  J  +  ...(28) 

1  k 

Substituting  the  derivatives  of  t  and  x  with  respect  to  u  and  w  into 
the  tensor  transformation  of  metric  matching 

d/  dx*' 

-  t  ..  V  _  ^  t  j.  V  A_  \ 


one  gets 


s  1  +  c^(-  2U  b  25'  -  +  2ajw’') 

)  £ 


ki  =  -  AUvl  -  5  ^  +  vj(5  -  I  4)  +(  I  + 

bivlalb  qV'^  br)J^  ,  (31) 

^  •  (32) 

Function  B  may  be  presented  in  the  form 

5(ii,  w)  =  5*°*(u)  +  +  5*^*(u,  w)  .  (33) 

(o)  ^  ^  ^ 

Function  5  cannot  be  determined  within  the  adopted  accuracy  of  the 
matching  procedure.  Its  expression  may  be  found  in  (Kopejkin,  1989a, b; 

Brumberg  and  Kopejkin,  1990).  Functions  5,  f!",  f!^*,  b^, 

1  1  iJ 

and  are  determined  on  the  basis  of  the  conditions  resulted  from  the 

tidal  form  of  the  external  mass  action.  Separating  Newtonian  potential  U 
and  vector-potential  u  into  the  parts  and  tr  due  to  the  Barth  alone 

and  the  parts  7/^  and  7^  caused  by  the  external  masses  one  has 

5  =  Fg  +  Fj  ,  F^  =  fJ  +  {^  ,  (34) 

-  <36' 

«*'‘  =  6,,wx,)  ,  I'"*  =  I  -  V^'  >36) 

^  -  «!  ■  «1  =  -  2  •  <3») 


"I"  =  ' 
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in  distinction  to  other  quantities  functions  S,  and  are 
determined  by  differential  relations,  function  .S'  yields  (in  the 
post-Newtonian  approximation)  t^e  difference  of  BUS  and  UKS  coordinate 
time  scales  in  the  geocenter  {r^  =  .v"  -  =  0).  Function  r  describes 

in  its  main  part  the  geodesic  precession.  Equations  (37)  represent  the 
BKS  Newtonian  equations  of  motion  of  the  Farth  (at  the  next  step  of 
approximation  the  matching  procedure  results  in  the  post-Newtonian 
equations).  Function  is  the  correction  for  the  non-geodesic  motion  of 

the  Farth  due  to  the  interaction  of  the  Farth  quadrupole  moment  and  the 
external  masses.  One  has  therewith 


^  od\\  ,  -if  =  ^  pr‘^r^d\\ 

(El  ( E) 

In  consequence,  the  closed  fot..,  UKS  metric  for  approximation  (30)-(3’2) 
will  be 


+(q-l)/''w^  +  4[lJ(Xp+w)  -  „(x,)w'']  - 


E'  s 


E  E' 


E,k' 


-  4v'h(/^(x^+w)-  U.ix  )-  ~U  ,{x,)w'']  -  +  . ,  (42) 

aAb  fill  S|K£i 

‘ll  =  ■  'ij  ■  *  "k'"  *  "s<V">  -  + 

+  ...  (43) 

(44) 


"e  =  ^E  •  "e  =  ^E  -  '^E 


(3) 

Function  B  is  determined  by  the  harmonic  conditions  for  the  UKS 
metric.  These  conditions  within  the  adopted  accuracy  result  in  the 
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equations  (with  g  =  i)  +  )i  ) 
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(45) 
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h  +  /i, ,  -  2h  ,  , 

00,0  kk , 0  ok  ,  k 

=  0 

• 

(46) 

Equation  (45)  is  satisfied  identically 
expressions  (41)  and  (43).  Equation  (46) 

A  At. 

*  ‘^.k  =  “ 

in  virtue  of  the  structure 
involves  the  equation 

(47) 

satisfied  in  virtue  of  the  e^guation  of  continuity  and  the  Poisson 
equation  determining  function  d 
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+  4(cl  (x  +h)  -  £'.(x.)]  - 
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(48) 


KuncLioii  ii"'  nnd  its  derivatives  of  the  first  and  second  ordei-  with 
respect  to  the  spatial  coordinates  should  vanish  with  w  =  0.  Using 
e.\pliCx.t  expressions  of  scalar  and  wctor  potentials  it  is  easy  to 
verify  the  identity 


ut  .  (X..+W)  -  Vjt'  (x^+w)  +  cl  (x.+w)  =  0 
?,K  a  S  S,rt  B  jJjO  2 


(4y) 


(relation  (46)  is  imposed  on  expressions  {41)-(43)  and  the  substitution 
X  =  X,  +  w  IS  performed  before  differentiating).  Hence,  equation  (48) 

takes  the  simple  form 

.  (50) 

,  kK  a 

As  a  particular  solution  of  this  equation  one  may  choose,  for  example 


so  that 
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(51) 

(52) 


Construction  of  the  GKS  metric  in  the  closed  form  is  completed  by 
substituting'  (52)  into  (42). 

Numerical  parameter  q  plays  an  important  role.  Value  y  =  1 

corresponds  to  dynamically  non-rotating  OKS  (UGKS).  In  this  case  there 

are  no  terms  due  to  geodesic  precession  in  g ..  But  the  l)GKS  spatial 

axes  rotate  with  respect  to  the  BKS  spatial  axes  as  seen  from 
transformation  (24).  Value  q  =  0  corresponds  to  kinematically 
non-rotating  GK8  (KGUB).  In  this  case  the  spatial  coordinate 
transformation  (24)  betw<  on  BK.S  and  GKS  does  not  involve  terms  due  to 


geodesic  precession.  Such  terms  occur  in 


O’  . 
=»  .* 


In  investigating  Barth 


satellite  motion  it  is  suitable  to  use  L)GKS  (Brumberg  and  Kopejkin, 
I98'.)b).  For  reduction  of  observations  both  systems  might  be  useful. 

Let  us  add  a  technical  remark.  Function  (51)  differs  from  the 
function  used  in  (Kopejkin,  1988;  Brumberg  and  Kopejkin,  1989a, b). 
Function  B  has  been  constructed  in  these  papers  in  form  of  the  series 
in  powers  of  the  geocentric  coordinates  starting  with  the  terms 


m'  J  I  U  1  J  l!  , 

B  =  B,  ,,  w  w  w  +  .  . . 
1  Jk 
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It  is  easy  to  see  that  B„,  =  -  -  a^and  equation  (50)  is  satisfied.  Such 

ikk  o  E 
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a  choico  of  provides  the  fulfillment  of  some  relations  of  symmetry 
in  tile  expansi 
quadratic;  terras 


in  tile  expansion  of  g  in  particular,  the  condition  C' 

*A  jsi 


=  C .  in 
nj 


=  Jc  [(■;  t  Jid-ie-  I--  *  Vj."  ^  ■  To  K““  * 


(55) 


6.  CONS lUKKAT ION  OK  THli  iNKLL'liNCfc:  OK  THK  GALAXY 


In  ignoring  tiie  influence  of  the  Galaxy  UKS  described  by  expressions 
(y)-(ll)  (with  a,  =  =  0)  is  non-rotating  system  both  dynamically  and 

kinematically.  But  in  not  so  distant  future  consideration  of  the 
influence  of  tiie  (ialaxy  may  become  necessary.  Ignoring  all  local 
irregularities  and  considering  the  mass  M  of  the  Galaxy  as  being 
concentrated  at  its  center  one  may  relate  galactic  time  T  and^ galactic 
spatial  coordinates  A"  witii  BKS  time-space  coordinates  t  and  .v  just  in 
the  same  way  as  BKB-GKS  transformation 

t  =  7--  c'^[6;.(7’)  +  +  ....  =  3*'  -  Ap(r)  ,  (56) 


=  /<?!  +  I'J/.  +  (r)  +  Ul''[T)]l^  +  /;!^N7’)77*/^g)  + 

0  ^  i>  ti  U  h  0  UO  PD 

with  .\AT)  and  1„(7’)  =  ciXA'D/dT  being  galactic  coordinates  and  velocity 

P  P  D 

components  of  the  solar  system  barycenter  B.  q,  is  a  constant  leading  to 

dynamically  (q,  =  1)  or  kinematically  (cl  =  0)  non-rotating  BKS 
0  0 

respectively  (UBKS  or  KBKS).  Assuming  the  galacti^  ^pircular  motion  of 
the  solar  system  barycenter  with  radius  A„  =(-LA-)  and  mean  motion 

....  -  P  D  l> 

A'=  21/ B  =(GW 
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(59) 


Function  t'"  is  responsible  for  the  galactic  precession  caused  by  the 

U 

motion  of  the  Sun  around  the  center  of  the  Galaxy  (quite  similar  to  the 
geodesic  precession  due  to  the  heliocentric  motion  of  the  Barth). 
Introducing  as  in  (25)  triplet  K'  one  has 


F, 

‘i 


if 


A,  d’.V  , 

2  A—  k 


(60) 


k  being  a  unit  vector  normal  to  the  plane  of  the  orbit  of  the  Sun.  In 
vector  notation  the  transformation  (57)  is  rewritten  in  the  form 
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X  =  B,  t  ch  i(V,Kj|V,  *  I  f («')  X, 

B 

-f(V8>  “s'  ♦  •••  • 


(61)' 


Using  numerical  values  M  =  1.6*10**  =  2.5*10*^^  cm,  P  =  2.2*10^ 

years  =  6.6*10  s,  c  GMq  =  1.5  km,  c  =  3*10  cm/s  one  finds  that  the 

UBKS  spatial  axes  rotate  with  respect  to  the  galactic  axes  with  angular 

velocity  =  0.85"*  10’^  per  century.  The  term  in  the  time 

transformation  (56)  applied  to  the  Earth  represents  an  annual  periodic 

terra  with  the  amplitude  0.4  s.  The  coefficient  in  the  secular  term  of 

“Z*  “6 

this  transformation  is  c  5'  =  1.44*10  . 

G 

Component  g ,  of  BKS  metric  {9)-(ll)  with  a  =  a  =  0  is  represented 

Ol  0  1 

now  in  the  form 

f'il  I  -  A  \f  \* 

(62) 
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Let  us  repeat  once  again  that  with  =  1  we  have  UBKS  whose  spatial 
axes  rotate  with  respect  to  the  galactic  axes.  With  g.  =  0  we  have  KBHS 

G 

whose  spatial  axes  do  not  rotate  with  respect  to  the  galactic  axes.  But 
the  KBKS  equations  of  motion  of  the  solar  system  bodies  contain  Coriolis 
terms.  For  celestial  mechanics  purposes  UBKS  is  preferable.  For 
astrometric  purposes  both  systems  are  useful. 


7.  TIME  SCALES 


The  problem  of  time  scales  is  to  be  solved  finally  by  the  lAU 
recommendations.  But  irrespective  of  definitions  given  by  these 
recommendations  the  problem  is  based  actually  on  the  relations  between 
the  coordinate  times  of  BKS  (t),  GKS  (u)  and  TKS  (t)  (in  future  the 
galactic  time  scale  T  may  be  neede^).  Kelation  between  t  and  u  is  given 
in  the  form  (23)  (presently,  0(c'  )  terras  therewith  may  be  omitted). 
Function  S  determined  by  (35)  is  presented  in  the  form 

S(  t)  =  /t  +  5  (  £)  (63) 

♦  k 

where  S  is  a  constant  and  Sp(  t)  includes  both  periodic  terras  as  well  as 

non-periodic  terms  due  to  the  secular  evolution  of  the  planetary  orbits. 
Therefore,  relation  (23)  is  rewritten  in  the  form 

u  =  ( 1  -  c  ^ )  t  -  c”^  [ 6'  ( t)  +  ]  +  •  •  •  •  ( 64 ) 

p  S  h 

Just  in  the  same  manner  the  relation  between  u  and  i  is 

t  =  u  -  c‘^[F(u)  +  Vj(w'‘  -  w^)3  +  ...  (65) 

with  Wj  and  being  the  CKS  coordinates  and  velocity  components  of  the 
TKS  origin.  Function  V{u)  is  determined  by  the  differential  relation 
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S  =  f  't  *  -  "8,k<=‘B>^  •<“> 

Its  solution  is  represented  in  the  form 


V(u)  =  V  u  ^  V  (u) 
p 


(67) 


with  V  being  a  constant  one  and  the  same  for  all  possible  TKS  and  hence 
independent  both  of  time  and  coordinates  of  the  TKS  origin.  Function 


Fp(u)  includes  corrections  for  the  height  of  the  ground  station  above 

the  surface  of  geoid,  for  lunar  and  solar  tidal  influence  and  for  the 
geophysical  factors  (deviation  of  the  Earth  rotation  from  the  rigid  body 
rotation).  Substitution  of  (67)  into  (65)  yields 

t  =  (1  -  c'^F*)  u  -  c^[Fp(u)  +  v^(w''  -  Wj)]  .  (68) 

Relations  (64)  and  (68)  are  crucial  for  the  relativistic  theory  of  time 
scales  (Brumberg  and  Kopejkin,  1990). 


8.  CONCLUSION 

The  aim  of  this  paper  is  to  elucidate  some  key  questions  of  relativistic 
theory  of  reference  systems  avoiding  technical  aspects  as  much  as 
possible.  The  main  results  of  the  paper  may  be  formulated  as  follows: 

1.  BKS  metrics  in  the  FFN  formalism  coordinates  and  in  the  harmonic 
representation  are  practically  equivalent.  Harmonic  coordinates  have 
advantage  of  being  used  for  constructing  the  hierarchy  of  astronomical 
reference  systems. 

2.  To  elaborate  the  definitions  of  time  scales  it  is  presently 

sufficient  to  retain  in  the  BKS  metric  only  U(c'^)  terms  in  g 

00 

(Newtonian  potential).  For  relativistic  reduction  of  obser^vations  in  the 

static  field  (ignoring  the  motion  of  the  masses)  the  0(c)  terras  in  g 

00 

and  g^^  are  sufficient.  For  relativistic  reduction  of  observations 

taking  into  account  the  motion  of  the  masses  and  for  rigorous 

formulation  of  dynamically  or  kinematically  non-rotating  reference 

system  (1)KS  or  KKS)  the  terms  0{c*  )  in  g,  should  be  added.  For 

01 

unambiguous  formulation  of  the  qost-Newtonian  equations  of  motion  of 

celestial  bodies  the  terras  0(c~  )  in  g  should  be  also  taken  into 

00 

account. 

3.  Each  system  entering  in  the  hierarchy  of  relativistic  reference 

systems  may  be  considered  in  version  of  dynamically  non-rotating  system 
(BKS)  or  kinematically  non-rotating  system  (KKS).  For  celestial 

mechanics  problems  it  is  suitable  to  use  UKS  implying  the  absence  of  the 
Coriolis  terras  in  the  equations  of  motion.  For  astrometric  problems  both 
types  are  of  importance. 

4.  The  metric  of  each  system  may  be  presented  in  the  closed  form  (as 
illustrated  by  the  (JKS  metric  taking  into  account  only  0(c’j  and  O(c^) 
terms) . 

Technical  details  of  constructing  reference  systems  and  their 
relationships  discussed  here  may  be  found  in  (Kopejkin,  1988,  1989a, b; 
Brumberg  and  Kopejkin,  1989a, b,  1990;  Voinov,  1990;  Brumberg,  1991). 
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ABSTRACT.  A  new  formalism  for  treating  the  relativistic  celestial  mechanics  of  systems 
of  iV,  arbitrarily  composed  and  shaped,  weakly  self-gravitating,  rotating,  deformable  bod¬ 
ies  is  presented.  This  formalism  is  aimed  at  yielding  a  complete  description,  at  the  first 
post-Newtonian  approximation  level,  of  (i)  the  global  dynamics  of  such  iV-body  systems 
(“external  problem”),  (ii)  the  local  gravitational  structure  of  each  body  (“internal  prob¬ 
lem”),  and,  (iii)  the  way  the  external  and  the  internal  problems  fit  together  (“theory  of 
reference  systems”). 

1.  Introduction 

The  problem  of  describing  the  dynamics  of  N  gravitationally  interacting  extended 
bodies,  called  “celestial  mechanics”,  has  been  thoroughly  investigated  (see  e.g.  Tis- 
serand,  1960)  in  the  framework  of  Newton’s  theory  of  gravity.  Very  shortly  after 
the  discovery  of  Einstein’s  theory  of  gravity,  Einstein  (1915),  Droste  (1916),  De 
Sitter  (1916)  and  Lorentz  and  Droste  (1917)  devised  an  approximation  method 
(called  “post-Newtonian” )  which  allowed  them  to  compare  General  Relativity  with 
Newton’s  theory  of  gravity,  and  to  predict  several  “relativistic  effects”  in  celestial 
mechanics,  such  as  the  relativistic  advance  of  the  perihelion  of  planets,  and  the 
relativistic  precession  of  the  Moon’s  orbit.  This  post-Newtonian  approach  to  rela¬ 
tivistic  celestial  mechanics  was  subsequently  developed  (and  completed)  by  many 
authors,  notably  by  Fock  (1959),  Papapetrou  (1951),  Chandrasekhar  and  colleagues 
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(1965,  1969, 1970),  Caporali  (1981),  Grishchuk  and  Kopejkin  (1986)  and  others  (for 
a  review  of  the  development  of  the  problem  of  motion  in  General  Relativity  see  e.g. 
Damour,  1987). 

However,  in  order  to  match  the  high  precision  which  is  already  achieved  by 
means  of  space  techniques  such  as  Satellite  Laser  Ranging  (SLR),  Lunar  Laser  Rang¬ 
ing  (LLR)  or  Very  Long  Baseline  Interferometry  (VLBI),  one  needs  a  correpondingly 
accurate  relativistic  theory  of  celestizil  mechanics  able  to  describe  both  the  global 
gravitational  dynamics  of  a  system  of  N  extended  bodies,  the  local  gravitational 
structure  of  each,  arbitrarily  composed  and  shaped,  rotating  deformable  body,  and 
the  way  each  of  these  N  local  structures  meshes  into  the  global  one.  The  traditionzJ 
post-Newtonian  approach  to  relativistic  celestial  mechanics  using  only  one  global 
coordinate  system  =  {ct,x,y,z)  =  (ct,x*),  i  =  1,2,3,  to  describe  an  N-body 
system,  fails  in  this  task,  for  both  conceptual  and  technicad  reasons;  concepts  like 
“center  of  maiss”,  “multipole  moments”,  “mciss-centered  frames”  are  used  while  they 
are  ill  defined.  Usually  such  “maiss- centered  frames”  with  spatial  coordinates  X*, 
e.g.  given  by 

A-  =  X*  -  z\i),  (1) 

where  z*  denotes  the  global  coordinates  of  the  “center  of  mass”  of  the  body  under 
consideration  are  not  dynamicaJly  useful  in  the  sense  that  they  do  not  efface  the 
external  gravitationad  field  down  to  tidal  effects  but,  instead,  introduce  into  the 
description  of  the  internad  dynamics  of  the  bodies  many  external  “relativistic”  ef¬ 
fects  proportionad  to  the  square  of  the  orbital  velocity  or  the  external  gravitationad 
potentiad.  This  is  because  the  externad  (global)  description  of  each  body  contains 
many  “apparent  deformations”  (Lorentz  contractions  etc.)  which  are  not  intrinsic 
to  the  body  itself. 

In  recent  years,  severed  authors  have  tried  to  remedy  some  of  the  defects  of  the 
traditionad  post-Newtonian  approach  to  the  IV-body  problem.  For  instance,  Martin 
et  ad.  (1985)  and  Hellings  (1986)  have  tried,  in  an  essentially  heuristic  manner,  to 
explicitly  take  into  account  the  main  apparent  deformations  due  to  the  use  of  an 
external  coordinate  representation.  More  recently  a  notable  progress  in  the  theory 
of  such  local  relativistic  frames  (at  the  post-Newtonian  approximation,  relevant  to 
systems  of  N  weakly  self-gravitating  bodies)  has  been  achieved  by  Brumberg  and 
Kopejkin  (1988a,b)  (Kopejkin,  1988;  Brumbe  g,  1990)  in  a  series  of  publications  (see 
also  Voinov,  1988).  Their  approach  combines  the  usual  post-Newlonian-type  ex¬ 
pansions  with  the  multipole  expansion  formalisms  for  internally  generated  (Thorne, 
1980;  Blanchot  and  Damour,  1986, 1989)  and  externally  generated  (Thorne  and  Har- 
tle,  1985),  gravitational  fields,  and  with  asymptotic  matching  techniques  (D’Eath, 
1975,  Damour,  1983).  We  believe,  however,  that  the  approach  by  Brumberg  and 
Kopejkin  has  several  drawbacks:  ad  hoc  assumptions  about  the  structure  of  various 
expansions  (as  e.g.  in  the  coordinate  transformation  between  global  and  local  coordi¬ 
nates)  are  made,  which  are  only  partially  justified  by  some  later  consistency  checks; 
the  scheme  is  confined  to  a  particular  model  for  the  matter  (isentropic  perfect  fluid) 
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and  rigidly  restricts  itself  to  considering  only  some  special  (harmonic)  coordinate 
system;  moreover,  their  approach  is  bwically  incomplete  in  that  it  neither  describes 
the  full  multipole  moment  structure  of  the  bodies  with  post-Newtonian  accuracy, 
nor  gets  (translational  or  rotational)  equations  of  motion  with  full  post-Newtonian 
accuracy. 


2.  A  New  Approach  Towards  Relativistic  Celestial  Mechanics 

We  have  introduced  (Damour,  Soffel  and  Xu,  1990a)  a  new  formalism  for  treat¬ 
ing  the  relativistic  celestizd  mechanics  of  systems  of  N,  arbitrarily  composed  and 
shaped,  weakly  self-gravitating,  rotating,  deformable  bodies.  This  formalism  yields 
a  complete  description,  at  the  first  post-Newtonian  level,  of  the  global  dynamics 
of  such  iV-body  systems  (“external  problem’*),  the  local  gravitational  structure  of 
each  body  (“internal  problem”),  and  the  way  they  fit  together  (“relativistic  theory 
of  reference  systems”).  This  new  scheme  successfully  overcomes,  in  our  opinion,  the 
problems  encountered  by  previous  approaches  (notably  the  one  of  Brumberg  and 
Kopejkin):  only  very  general  assumptions  are  made  for  the  structure  of  the  for¬ 
malism  which  is  developed  in  a  constructive  way  by  proving  a  number  of  theorems; 
the  structure  of  the  stress-energy  tensor  of  the  matter  is  left  completely  open;  the 
scheme  is  formulated  in  a  certain  “gauge-invariant”  way  which  leaves  a  convenient 
flexibility  in  the  choice  of  the  lime  gauge  (at  the  order  6t  =  0(c“^));  the  scheme  de¬ 
scribes  with  full  post-Newtonian  accuracy  the  gravitational  structure  of  each  body 
by  means  of  a  set  of  multipole  moments  which  are  linked  in  an  operational  way  to 
what  can  be  observed  in  the  local  gravitational  environment  of  each  body;  fineiUy, 
the  scheme  succeeds  in  getting  translational  and  rotationeil  equations  of  motion 
with  full  post-Newtonian  accuracy,  and  inclusion  of  all  multipole  moments,  for  the 
W-body  system.  Our  approach  does  not  use  any  asymptotic  matching  technique 
but  takes  advantage  of  two  different  recent  progresses  in  the  first  post-Newtonian 
approximation  method-  (i)  linearization  of  Einstein’s  field  equations  by  means  of 
cert2un  “exponential  parametrizalion”  of  the  metric  tensor  (introduced  by  Blanchet 
and  Damour  (1989),  and  Blanchet,  Damour  and  Schafer  (1990)),  and  (ii)  definition, 
by  Blanchet  and  Damour  (1989),  of  a  set  of  post-Newtonian  multipole  moments  of 
an  isolated  body  given  as  compact  support  integrals  of  the  stress-energy  tensor  of 
the  matter.  A  third  basic  element  of  the  present  approach  is  our  way  of  restrict¬ 
ing  (without  fixing  completely)  the  coordinate  freedom  inherent  to  the  theory  of 
GenerJil  Relativity.  We  do  that  not  by  imposing  one  of  the  two  differeniial  coordi¬ 
nate  conditions  generally  used  in  the  post- Newtonian  literature  (namely  “harmonic 
gauge”  versus  “standard  post-Newtonian  gauge”)  but  by  imposing,  in  all  coordinate 
systems,  some  algebraic  conditions  on  the  metric  coefficients,  which  can  be  written 
as  {ij  =  1,2,3) 


900  gij  =  -Sij  +  0{l/c'^). 


(2) 
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This  condition  can  be  described  by  saying  that  the  spatizd  coordinates  are  “con- 
formaliy  cartesian”  or  “isotropic”.  This  condition  is  compatible  with  both  usual 
choices  but  is,  at  once,  more  flexible  (for  the  time  gauge)  and  more  rigid  (for  the 
space  gauge)  than  either  one  of  them.  It  plays  an  important  technical  role  in  freez¬ 
ing  down  the  coordinate  freedom  to  a  level  which  is  nearly  the  usuad  freedom  in 
Newtonian  celestial  mechanics  (arbitrary  choice  of  a  time-dependent  spatial  origin 
and  of  a  time-dependent  rotation  matrix). 

3.  Theory  Of  Reference  Systems 

For  our  problem  of  N  gravitationally  interacting  extended  bodies  we  employ  N  +  1 
coordinate  charts  (reference  systems):  one  “global”  chart  with  coordinates  = 
(ct,a;‘)  and  N  “local”  charts  with  coordinates  X°  =  (cr,^*).  Each  one  of  the 
local  charts  is  defined  in  the  vicinity  of  some  body,  and  comoving  with  it.  For 
most  practical  purposes  in  the  solar  system  two  of  these  coordinate  system  will  be 
sufficient:  one  global  “barycentric”  system  (ct,®*)  and  one  local  “geocentric”  system 
(cT,^*).  The  global,  barycentric  coordinate  time  t  is  also  named  TCB,  wherezw 
the  geocentric  coordinate  time  T  cilso  is  cadled  TCG. 

In  each  of  these  reference  systems  we  use  an  exponential  representation  for  the 
metric  tensor  of  the  form 


J„0  =  -e-*”/'’  +  0(6) 

(3a) 

4 

goi  ~  — +  0(5) 
c 

(3b) 

= 

(3c) 

where  0(n)  =  0(c~”)  indicates  the  post-Newtonian  order  of  magnitude.  In  this 
expression  to  is  a  generalization  of  the  usual  Newtonian  potential  and  w*  is  some 
gravitational  vector  potential  arising  because  of  “magnetic  type  gravity”.  One  finds 
that  the  Riemann  curvature  tensor  of  'yij  is  of  order  0(4),  i.e.  to  post-Newtonian 
(PN)  order  the  space  metric  is  conformally  flat.  Hence,  there  exists  a  preferred  class 
of  spatial  coordinates,  where 

lij  =  Sij  -r  0(4),  (4) 

or,  equivalently,  where  condition  (2)  holds.  In  the  formulation  of  our  framework 
we  systematically  use  such  preferred  spatially  isotropic  coordinates.  Then,  for  each 
reference  system,  the  information  in  the  metric  tensor  is  fully  contained  in  the  scalar 
field  w  and  the  vector  field  Wi.  The  Einstein  field  equations  remarkably  become 
linear  in  terms  of  these  variables: 

Axu  +  ~dtW  +  =  -AnGcr  +  0(4) 

c  c 

Axvi  -  d^jXVj  —  dtiW  =  -47rGcr'  +  0(2), 


(5a) 

{5b) 
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where 


yOO  rpss 


Though,  lor  each  reference  system,  our  spatial  coordinates  are  fixed  (modulo  a 
choice  of  origin  and  rigid  rotation)  by  our  spatial  isotropy  condition,  we  do  not 
fix  completely  our  time  coordinate,  but  keep  a  certain  flexibility  linked  to  a  gauge 
invariance  of  the  IPN  field  equations:  if  =  {w,wi)  is  a  solution  of  eqs.(5)  with 
some  given  source  terms  cr^  =  so  is  w'^  =  {lu' yw'{)  (modulo  PN  error  terms) 

with 

w'  —  w  -  (7a) 

ly-  =  Ui  +  (7b) 

where  A(®^)  is  an  arbitrary  (differentiable)  function.  This  gauge  invariance  corre¬ 
sponds  to  a  shift  of  the  time  variable  according  to 

6i=~X(t,x),  (8) 

c’ 

which  affects  none  of  the  physical  quantities  at  the  IPN  level.  This  especially  applies 
to  the  problem  of  time  scales:  the  relation  between  barycentric  coordinate  time  (i  = 
TCB)  and  geocentric  coordinate  time  (T  =  TCG)  is  not  affected  by  transformation 
(8)  to  post-Newtonian  order.  Note,  that  our  gauge  freedom  encompasses  both  the 
choice  of  the  “harmonic  gauge”  as  well  as  of  the  “standard  post-Newtonian  gauge”. 
E.g.,  for  the  harmonic  gauge  the  solution  of  the  field  equations  reads 

w  =  GI-i  (cr)  +  —dt  Ii  [cr]  +  0(4)  (9a) 


where 


ty,  =  -i- 0(2), 


=  J  d^x'\x  -  x'\“f{i,x'). 


Similarly  to  what  is  done  in  Maxwell’s  theory  of  electromagnetism,  v/e  can  introduce 
gauge-invariant  (gravito-electric  and  gravito-magnetic)  fields  e  and  b  by 


e  =  Vw  -b  -^diV) 
b  =  —4V  X  w, 


(lU) 

(lib) 


55 


satisfying  (in  each  system)  “Maxwell-like”  equations  of  the  form 


V  •  6  =  0,  (12a) 

=  (12b) 

V  •  c  =  — —  A-irGa  -f  0(4),  (12c) 

V  X  b  =  4dte —  WirGa- +  0{2).  (12d) 

For  the  coordinate  transformation  between  each  of  the  loccil  coordinates  and 
the  global  coordinates  we  start  with  the  completely  general  ansatz 

=  /'‘(X“)  =  z^(X°)  +  e{^(A'’°)X“  +  (13) 


Here,  a  =  1,2,3  labels  the  spatial  coordinates  in  the  loczd  system,  z'^(A’®)  (A®  =  0) 
describes  the  “global”  motion  of  some  “central  worldline”  of  the  body  under  con¬ 
sideration  (which  wiU  later  be  chosen  as  the  worldline  of  the  “center  of  mass”  of 
the  body)  and  is  assumed  to  be  at  least  quadratic  in  A“.  Now,  our  PN  assump¬ 
tions  plus  spatially  isotropic  coordinates  essentially  determine  /^(A“)  completely, 
modulo  the  choices  of  some  arbitrary  central  worldline  and  of  some  (slowly  varying) 
rotation  matrix  R{  in  e\(T)  (see  eq.(23)  below).  E.g.,  one  finds  uniquely 

(‘{T,X)  =  ie-jr)  \\a.X^  -  A'“(4X)]  +  0(4),  (14) 

where 

44a  =  fiiu  ^j.2 

(the  4- acceleration  of  the  central  worldline  projected  into  the  corresponding  local 
system).  Here,  ffi^  denotes  the  ustial  flat  Minkowski  metric  in  Cartesian  coordinates 
{fnv  =  diag(-l,-H,-fl,-fl)). 

Because  of  the  linearity  of  the  field  equations,  in  each  local  system,  we  can 
uniquely  split  the  metric  potentials!  Wa  =  {W,Wa)  into  "self-”  and  “external-part” 

Wc--Wa  +  Wa.  (16) 

Here,  the  self-part  {W^  a)  describes  the  gravitational  influence  of  the  central  body 
itself,  while  the  external-part  describes  the  action  of  all  the  other  bodies  of  the 
system  (plus  inertial  terms). 


t  We  use  capital  letters  for  local  quantities. 
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As  central  results  of  our  scheme  we  find  the  following  transformation  rules  of 
potentials  between  some  local  and  the  global  system  to  PN  order: 


where 


(18) 


and  u’  is  the  velocity  of  the  “central  point”  in  the  global  system  ( F®  =  Hence, 

not  only  the  field  equations  are  finear,  but  also  the  various  w  W  relationships! 
Writing  this  affine  transformation  in  the  form 


w^^ix)  =  ^^(T)W“(X)  +  (19) 

we  find  the  transformation  of  the  self-parts  to  take  the  simple  form 

w^{x)  =  A<^^{T)W^{X),  (20) 

a  remarkable  result  indeed.  Hence,  in  contrast  to  previous  works  on  relativistic 

reference  systems,  we  obtain  the  various  transformation  laws  in  closed,  i.e.,  non- 
expanded  form  (we  do  not  use  a  matched  asymptotic  expansion  technique  like, 
e.g,  Brumberg  and  Kopejkin),  which  has  in  fact  many  advantages  for  practical 
applications. 

We  introduce  the  following  (BD)  mass  (Mi)  and  current  moments  (5i)  of  the 
central  body  defined  by  (L  is  a  multi  spatial  index,  L  =  ai . .  .ai) 

,  (21a) 

5i  =  y  (21b) 

where  all  quantities  are  considered  in  the  local  system  of  the  considered  body,  where 
the  caret  and  the  bracket  <>  indicates  that  the  symmetric  and  trace- free  (STF) 
part  should  be  taken  (see  e.g.  Thorne,  1980)  and  the  integration  extends  over  the 
support  of  the  body  under  consideration.  These  BD-moments  are  called  “physical” 
by  us  because  the  self-part  of  the  local  gravitational  potentials  of  the  considered 
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body  can  be  expanded  in  terms  of  these  multipole  moments  (modulo  an  irrelevant 
gauge  transformation).  See  Blanchet  and  Damour  (1989)  for  the  other  physical 
meanings  of  these  moments  when  considering  isolated  systems. 

Not  only  are  the  self-potentials  W*  a  expanded  in  terms  of  (STF)  moments, 
but  similarly  the  external-potenticJs  Wa  or  the  corresponding  E  and  jE?-fieIds  are 
“skeletonized”  by  defining  (for  each  local  system)  two  corresponding  (gravito-electric 
and  gravito-magnetic)  sets  of  post-Newtonian  tidal  momenta’. 


0>1) 

(22a) 

{l>^) 

(22b) 

Using  the  various  expansions  of  the  self-potentials  and  the  transformation  laws  we 
can  get  the  external  tidal  moments  explicitly  as  functions  of  the  intrinsic  moments 
Ml,  5i,  of  all  the  other  bodies,  plus  some  inertial  contributions. 

If  we  require  (as  we  may)  the  quantities  (e^  =  c~^dz‘^{T)/dT)  to  represent 
an  orthonormal  tetrad  with  respect  to  the  “external  metric”  defined  by  w^,  our 
theory  of  reference  systems  is  completely  specified  up  to  the  choice  of: 

-  the  time  gauge 

-  the  central  worldlines,  2*(T) 

and  a  slowly  time  dependent  rotation  matrix  Ri{T)  appearing  in 

eKD  =  (l  -  {s‘’  +  RUT).  (23) 


4.  A  User’s  Guide  To  Reference  Systems 

For  practical  purposes  let  us  summarize  our  results  for  relativistic  reference  frames 
for  the  problem  of  barycentric  and  geocentric  coordinate  systems.  The  global, 
barycentric  coordinate  system  was  denoted  by  (ct,  ®*),  the  local  geocentric  one  by 
{c2',X°‘).  The  barycentric  (geocentric)  coordinate  time  t  (T)  is  also  called  TCB 
(TCG).  The  relation  between  the  barycentric  and  the  geocentric  system  is  writ¬ 
ten  in  the  form  (13).  For  many  practical  applications  presently  one  can  neglect 
the  quadratic  and  higher  order  terms  in  (13);  then  the  relation  between  these 
coordinate  systems  is  simply  given  by: 

ct  =  2°(T) -b  e°(T)A'“ 

x'  =  z\T)  +  e\{T)X\ 


(24a) 

(24b) 
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For  the  relation  between  t  =  TCB  and  T  =  TCG  one  finds  the  result: 


dt  _  d(TCB) 

dT  -  d(TCG) 


=  eg  =  1  +  -r 


x*=o 


(25) 


Here,  =  0  refers  to  the  geocenter,  «©  is  the  velocity  of  the  geocenter  in  the 
barycentric  system  and  w  can  be  replaced  by  the  external  Newtonian  potential  Utxt 
taken  at  the  geocenter.  For  the  linear  term  in  the  time  transformation  e^{T)  in 
eq,(24a)  one  finds  to  sufficient  approximation 


g®  ~  vis 

Ca  —  ■‘•'a"©' 


(26) 


In  this  Ijist  formula  the  matrix  relates  the  spatial  barycentric  coordinates  with 
the  spatial  geocentric  ones,  which  not  necessarily  point  into  the  same  direction. 
Using  these  results  the  TCB-TCG  relation  can  be  written  in  the  form 

TCB  -  TCG  =  c-2  Qul  +  Cfext(^©))  dt  +  VQ-  X.  (27) 


Here,  v©  •  X  =  ^  v©(s^'  -  2©). 

To  post-Newtonian  accuracy  the  spatial  coordinates  x*  and  are  related  by 

x‘  =  4(r)  +  4x“  +  o(x=),  (28) 

where  ^©(T)  describes  the  motion  of  the  geocenter  and  the  coefficients  are  de¬ 
termined  by  eq.(23)  which  we  may  write  in  the  form 


=  (i  -  (<"■ + 2?'’®”®)  p®) 

The  matrix  R{(T)  finally  determines  the  precise  relation  between  the  barycentric 
and  the  geocentric  spatial  coordinates.  Two  choices  for  R{{T)  are  preferred,  leading 
to  geocentric  coordinates  which  are 


-  fixed  star  oriented  (kinematically  non- rotating) 

-  or  locally  inertial  (dynamically  non- rotating). 


In  the  first  case  of  kinematically  non-rotating  geocentric  coordinates  we  might  take 


RUT)  =  6.,. 


In  this  case  the  direction  of  geocentric  spatial  coordinates  are  given  by  the  corre¬ 
sponding  directions  of  barycentric  coordinates,  i.e.  practically  by  some  catalogue  of 
extragalactic  sources.  If  such  kinematically  non-rotating  geocentric  coordinates  are 
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chosen  then  additional  (time  dependent)  inertial  forces,  mainly  due  to  the  geodesic 
precession  (of  inertial  axes)  have  to  be  taken  into  account  in  any  dynamical  equa¬ 
tion  (e.g.  for  an  artificieil  satellite).  The  geodesic  precession  in  this  case  heis  to  be 
considered  also  in  the  precession  matrix  as  well  as  in  the  nutation  series  (because 
the  geodesic  precession  has  an  annual  term  proportional  to  the  eccentricity  of  the 
Earth's  orbit). 

On  the  other  hand,  if  dynamically  non-rotating,  locciUy  inertial  geocentric  co¬ 
ordinates  are  chosen  the  geodesic  precession  is  contained  in  the  Ri{T)  matrix  and 
not  in  the  precession  (nutation)  matrix.  This  choice,  however,  has  the  disadvantage, 
that  the  loced  geocentric  spatial  coordinate  lines  precess  w.r.t.  the  barycentric  ones. 


5.  Equations  Of  Motion 

In  our  approach,  global  equations  of  motion  are  derived  by  combining  the  local 
energy-momentum  balance  equations 


(30) 


with  conditions  chosen  to  relate  the  central  worldline  of  a  body  with  the  correspond¬ 
ing  energy- momentum  distribution.  We  find  that  a  theorem  of  the  following  form 
holds  in  each  loccd  frame 

Theorem.  The  energy-momentum  conservation  equations  (24)  in  each  local  frame 
imply  constraints  on  the  time-evolution  of  the  three  lowest  BD  multipole  moments 
of  the  form: 


dM 

dT 


At)  {t')  . 


dT2 


(31a) 


dT 


-I-  0(4), 

E  s.;  g’.., 


l>0 


(31b) 


+  0(2/4), 


(31c) 


dP 

dTP 


M 


etc. 


v/here 


and  all  the  right-hand  sides  of  eqs.(31 )  are  bilinear  in  the  BD  multipole  moments 
and  in  the  above-introduced  tidal  moments,  and  their  time  derivatives. 

More  explicitly,  the  right-hand  sides  of  eqs.(31)  consist  of  an  infinite  series  of 
terms,  each  having  the  form 


(r)M  (p)M  (t)M 

MG,MH,SG,  or  SH- 


The  special  notation  0(2/4)  in  eq.(31c)  means  that,  when  one  is  working  strictly 
within  the  IPN  approximation,  it  is  sufficient  to  know  Sa  to  Newtonian  accuracy 
and  therefore  the  explicitly  written  Newtonian  torque  is  enough.  However,  it  is 
possible  to  define  a  local  spin  vector  for  body  A  (differing  from  the  Newtonian  spin 
moment  (21b)  by  0(c“^)  additional  terms)  whose  time  evolution  is  given,  modulo 
0(4),  by  an  equation  of  the  form  (31c). 

To  relate  the  central  worldline  of  a  body  with  the  corresponding  energy-momen¬ 
tum  distribution,  we  choose  each  central  worldline  to  coincide  with  the  BD  center 
of  mass  of  the  considered  body,  i.e.,  we  require  Ma  =  0.  From  eq.(31b)  this  then 
implies 

0  =  +  (c"^  -  terms).  (32) 

i>o 

Since  one  can  prove  that 

Ga  = - +  (c“^  -  ’terms),  (33) 

we  see  that  the  “local  equation  of  motion”  (32)  can  be  rewritten  in  the  looked  for 
global  form  for  the  equation  of  translational  motion: 


dt^ 


«',aU-»=o  +  ^  jfMLGia/M  +  (,c  ^  -  terms), 


(34) 


where  we  have  derived  the  complete  PN  expression  on  the  right  hand  side  of  eq.(34) 
for  arbitrary  mass-  and  current-moments  of  the  individual  bodies  (Damour,  Soffel 
and  Xu,  1990b).  We  have  explicitly  verified  (Damour,  Soffel  and  Xu,  1990a)  that 
in  the  monopole  limit  without  spins  (“spherical,  non-nstating”  bodies)  one  recovers 
the  usued  Lorentz  -  Droste  -  Einstein  -  Infeld  -  Hoffma.nn  equations  of  motion  used 
for  modern  numerical  ephemeris  programs  (such  as  the  DE  programs  from  JPL). 
Work  for  the  PN-spin  motion  is  still  in  progress. 
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HIPPARCOS:  ITS  LINK  TO  AN  EXTRAGALACTIC  REFERENCE  FRAME 


A.N.  ARGUE 
Inttitute  of  Astronomy 
University  of  Cambridge 
Madingley  Road 
Cambridge  CBS  OHA,  UK. 


ABSTRACT.  This  paper  reviews  the  links  currently  envisaged  for  a  mission  of  duration  3| 
years,  with  estimates  of  the  precision  of  each  link. 

1  Introduction 

The  Catalogue  of  star  coordinates  to  be  produced  by  HIPPARCOS  will  be  highly  rigid  and 
homogeneous,  but  will  have  arbitrary  zero-points  because  no  observations  are  being  made 
by  which  the  mean  equator  and  the  dynamical  equinox  could  be  located  directly.  In  the 
first  instance  the  Catalogue,  comprising  about  120,000  stars,  will  be  aligned  to  FK5  by  the 
two  Data  Analysis  Consortia  as  an  off-line  task,  working  independently.  Then,  if  data  from 
the  so-called  ’Super-high  Priority  Link’  (Section  2)  are  ready  in  time,  the  alignment  will 
be  further  refined;  if  not,  the  FK5-aligned  Catalogue  will  be  published  as  it  stands,  and 
further  refinement  by  the  methods  of  Sections  2,  3  and  4  carried  out  subsequently.  The 
ultimate  purpose  is  to  establish  a  conventional  celestial  barycentric  reference  frame,  as  close 
as  possible  to  the  existing  FK5  equator  and  equinox  referred  to  J2000.0,  and  accessible  to 
astrometry  at  visual  and  radio  frequencies,  in  compliance  with  the  recommendation  of  the 
lAU  WG  on  Reference  Systems  made  at  this  Colloquium. 

The  VLBI  Reference  Frame  due  to  be  presented  to  the  lAU  General  Assembly  in  1994 
will  be  made  up  from  a  number  of  tentative  frames  combined  m  the  manner  now  carried 
out  by  lERS.  At  present,  the  right  ascension  scales  of  these  frames  are  purely  relative 
scales,  and  alignment  to  the  FK5  right  ascension  scale  is  done  through  optical  astrometry 
of  some  tens  of  quasars  (Feissel,  1990.  The  practice  of  using  one  object  alone,  such  as  Algol 
or  3C273B,  has  largely  been  discontinued).  The  FK5  frame  is  known  to  contain  regional 
warps  (Morrison  et  al.,  1990),  so  that  HIPPARCOS  will  give  a  better  realization  of  the  FK5 
system  in  RA  than  the  VLBI  frames.  In  RA  the  link  will  thus  be  in  the  sense  of  linking 
VLBI  to  HIPPARCOS-FK5.  Thereafter  the  RA  zero-point  will  be  a  non-rotating  vector 
locked  into  the  extragalactic  frame.  The  question  of  whether  this  frame  does  or  does  not 
possess  a  cosmic  rotation,  is  not  one  that  will  be  considered  here. 

The  accuracies  of  the  HIPPARCOS  positions  and  proper  motions  for  the  3|  year  mission 
are  estimated  at  ±0''.(X)2  and  ±0".002yr“^  respectively.  It  would  be  desirable  if  the  rms 
error  of  the  rotation  matrbc  R  and  its  time  derivative  K  applied  to  the  HIPPARCOS-FK5 
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frame  to  link  to  VLBI,  be  not  greater  than  one  or  two  tenths  of  these  quantities.  The  rms 
error  in  R  specifies  the  accuracy  with  which  the  optical  and  radio  frames  have  been  unified 
at  the  specified  epoch,  while  that  of  iZ'  gives  limits  to  their  relative  rotation. 

2  The  Super-high  Priority  Link 

Two  methods  have  been  selected:  (i)  Hubble  Space  Telescope  and  (ii)  Radio  Stars. 

2.1.  HUBBLE  SPACE  TELESCOPE 

The  intention  is  to  measure  the  separation,  and  its  rate  of  change  with  time,  between  pairs 
of  quasars  and  HIPPARCOS  stars,  both  situated  within  the  same  ’pickle’  of  the  Fine  Guid¬ 
ance  Sensor.  Unfortunately  so  many  difficulties  have  arisen  that  the  schedule  of  Hubble 
observations  for  this  program  has  had  to  be  suspended  for  the  present  (Jefferys  et  al.,  1990). 


2.2.  RADIO  STARS 

Many  radio  stars  are  sufficiently  bright  to  be  well  within  the  range  of  accurate  measure¬ 
ment  by  HIPPARCOS  (the  limit  is  about  11“,  but  the  accuracy  improves  with  increasing 
brightness).  Radio  stars  are  not  extragalactic,  so  that  measurements  must  be  repeated 
over  suitable  timescales  to  obtain  their  proper  motions.  In  addition,  their  radio  fluxes  are 
highly  variable  and  usually  very  faint  (below  a  few  mJy  at  5  GHz),  but  many  are  amenable 
to  phase-reference  relative  to  VLBI  reference  frame  quasars  situated  within  a  few  degrees 
on  the  sky.  Because  of  their  extreme  variablity,  VLBI  observations  can  accumulate  only 
rather  slowly.  Some  radio  stars  such  as  Algol  display  finite  structure  so  that  a  series  of 
measurements  is  needed  in  order  to  model  the  offset  between  the  optical  and  radio  emitting 
regions  at  the  epoch  of  each  HIPPARCOS  observation  (Lestrade  et  al.,  1990).  But  the 
selection  has  been  weighted  in  favour  of  RS  CVn  binaries  which  are  more  compact:  many 
are  resolved  only  at  the  0".002  level. 

The  programs  to  be  described  are  drawn  from  only  a  small  fraction  of  those  stars  that 
have  confirmed  radio  emission  and  are  included  in  the  HIPPARCOS  Input  Catalogue  (there 
are  186  in  the  Super-high  Priority  Link  alone)  but  any  new  programs  commencing  only  now 
would  probably  not  be  completed  in  time  for  that  link.  An  inventory  of  radio  stars  has 
been  compiled  by  Walter  (1990). 


2.2.1.  NRL/USNO/CSIRO,  This  program  consists  of  54  stars  north  of  5  =  —26°  with 
plans  for  a  southern  extension,  giving  altogether  about  100  stars  (De  Vegt  et  al.,  1990). 

2.2.2.  JPL.  Eleven  stars^  north  of  5  =  0°  (Lestrade  et  al.,  1990). 

2.2.3.  MERLIN  (Multi- Element  Radio  Linked  Interferometer  Network,  Jodrell  Bank).  Twelve 
stars*  have  been  accepted  for  measurement  (Anderson  et  al.,  1989). 

‘LS161  303j  Algol;  UX  Arl;  HR1099:  FK  Com;  HR51I0;  aCrB;  Cyg  Xl;  AR  Lac;  SZ  Psc;  H  Peg. 

®HD1061;  UX  Ari;  HD26337;  b  Per;  54  Cam;  BD+52'’1579;/c  Dra;  55  Boo;  HD341475;  BD+43‘’3571; 
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2.2.4.  Aeeuraey  of  Link.  If  at  the  end  of  the  mission  50  radio  stars  have  been  measured 
by  HIPPARCOS  and  VLBI,  all  to  the  same  accuracy  of  0^.002  in  position  and  0"002yr''^ 
in  proper  motion,  in  both  optical  and  radio,  the  rms  errors  in  R  and  R!  will  be; 

ajt  =  0".0005  and  ffjti  =  0*.0007yr“^  (Froeschle  and  Kovalevsky,  1982), 


3  Ground-bated  Optical  Astrometry  of  Quasars 

The  brightness  of  the  optical  counterparts  of  the  VLBI  quasars  runs  from  about  IS*"  to 
fainter,  and  are  well  below  the  range  of  HIPPARCOS*.  The  resolution  needed  to  relate  the 
radio  and  optical  feature  in  a  quasar  requires  an  optical  telescope  of  aperture  at  least  2m, 
which  means  in  practice  that  the  field  size  is  limited  to  a  diameter  of  order  1°,  and  this  is 
not  sufiicient  to  bclude  enough  HIPPARCOS  stars  for  a  link  (on  average  there  are  fewer 
than  3  stars  per  D”).  So  the  step  from  HIPPARCOS  to  quasar  must  be  bridged  by  one  or 
two  intermediate  steps  provided  by  wide  field  astrographs.  These  also  reduce  the  diSicul- 
ties  encountered  in  the  photography  over  such  large  brightness  ranges.  The  precision  of  a 
single  object  is  about  15  times  rms  worse  than  the  HIPPARCOS  and  VLBI  precision,  so  to 
obtain  accuracies  in  R  and  R!  that  are  comparable  to  those  anticipated  for  the  Super-high 
Priority  Link,  it  is  necessary  to  increase  both  the  time  base  and  the  number  of  quasars. 
For  example,  a  5-year  program  of  400  quasars  would  yield: 

aji  =  0".0019  and  ajti  =  0".0006yr~^ 

No  programs  have  yet  been  offered  involving  ground-based  interferometry  or  CCDs  used 
in  the  manner  of  the  Hubble  pickle;  undoubtedly  such  methods  will  play  important  roles 
in  the  future,  but  are  unlikely  to  be  ready  in  time  for  the  present  mission. 


3.1.  LARGE  TELESCOPE  PROGRAMS 

3.1.1.  NRL/HAMBURG/NASA/GSFC/CSIRO/USNO.  This  5-year  program  was  com¬ 
menced  in  1987,  and  is  described  by  Russell  et  al.  (1990).  The  aim  is  for  400  sources  with 
optical  counterparts  suitable  for  astrometry,  distributed  over  the  whole  sky. 

3.1.2.  CONFOR.  A  Russian  program  intended  for  completion  by  1992.  It  is  described  by 
Kumkova  et  al.  (1990).  There  are  about  200  sources  with  suitable  optical  counterparts, 
mostly  north  of  S  =  -26°. 


3.2.  FICTITIOUS  PROPER  MOTIONS  OF  QUASARS 

A  program  described  by  Brosche  et  al.  (1990),  based  on  plates  some  as  old  as  90  years,  with 
Cyg  OB2  No  5;  VS09  Cm, 

'3C273B  WM  meMured  on  4th.  July  1990,  but  the  signal-to-noise  ratio  wm  insufllclent  for  the  meMure- 
monte  to  play  any  slgnlScant  role  In  the  link. 
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sbout  10  quanars.  A  prelimiaary  reduction  for  four  quasars'*  gives  for  the  three  components 
of  the  rotational  link: 

ff(wi)  =  0''.0010yr“*;a(a»j)  =  0''.0010yf“*;(T(fc>s)  =  0''.0014yr~^. 


4  Absolute  Proper  Motion  Surveys 

Provision  has  been  made  in  the  HIPPARCOS  Input  Catalogue  for  three  surveys  of  proper 
motion  of  stars  measured  relative  to  galaxies,  as  follows: 


4.1.  LICK  NPM 

This  survey  contuns  about  300,000  stars  in  the  brightness  range  B  =  9*^  to  18”*  north  of 
S  =  —23*'  (Klemola,  1990).  The  rms  error  of  a  single  proper  motion  is  0”.005yr"^.  There 
are  about  19,000  stars  in  common  with  the  HIPPARCOS  Input  Catalogue,  of  which  14,100 
are  from  AGK3  and  the  remainder,  all  south  of  6  =  -2°,  from  SAG. 


4.2.  YALE-SAN  JUAN  SPM 

This  is  similar  to  the  Lick  Survey  of  which  it  is  a  southern  extension,  but  because  the 
measuring  phase  had  not  been  entered  until  after  the  HIPPARCOS  Input  Catalogue  had 
reached  an  advanced  stage,  it  was  possible  to  make  a  more  link>oriented  selection  of  stars. 
Selection  was  based  mainly  on  the  SIMBAD  Database,  and  there  are  about  12,000  stars  in 
common  with  the  HIPPARCOS  Input  Catalogue  (Van  Altena  et  al.,  1990). 

Combining  both  the  NPM  and  the  SPM  Surveys  into  one  single  all-sky  survey,  the  formal 
rms  error  for  R',  ignoring  possible  zonal  errors,  is  0".00007yr“*. 


4.3.  TAUTENBURG 

This  program  uses  the  Tautenburg  Schmidt  Telescope  and  the  ASCORECORD,  APM 
(Cambridge)  and  MAMA  (Paris)  measuring  machines.  The  present  status  is  15  link  Helds 
with  at  least  250  HIPPARCOS  stars,  giving  an  anticipated  =  0".004yr~*.  Preliminary 
details  have  been  published  by  Dick  et  al.  (1987). 


5  Appendix 

The  members  of  the  HIPPARCOS  Input  Catalogue  Consortium  WG  on  the  Extragalactic 
Link  are: 

A.N.  Argue  (Cambridge,  Chairman);  P.  Brosche  (Bonn);  C.  De  Vegt  (Hamburg);  R.L.  Dun- 
combe  (Austin);  P.D.  Hemenway  (Austin);  A.R,  Klemola  (Lick);  J.  Kovalevsky  (CERGA); 
J.-F.  Lestrade  (Paris);  C.A.  Murray  (c/o  RGO);  G.  Ruben  (Potsdam);  H.G.  Walter  (Hei- 

^3C273Bj  OQ208;  3C371j  3C309.3. 


67 


delberg);  G.L.  White  (c/o  CSIRO). 
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CURRENT  STATUS  OF  THE  ASTROMETRIC  CAPABILITIES  OF  THE 
HUBBLE  SPACE  TELESCOPE  FINE  GUIDANCE  SENSORS 

W.  H.  Jefferys*,  G.  F.  Benedict*.  R.  L.  Duncombe**.  O.  G.  Franz***,  L.  W. 
Fredrick****,  T.  Gerard*****,  P,  D.  Hemenway*,  B.  McAnhur*,  J. 
McCartney*,  E.  Nelan*,  P.  J.  Shelus*,  D.  Story*,  W.  van  Altena*****,  L. 
Wasserman***,  A.  Whipple*,  J.  Whitney**** 

♦Department  of  Astronomy,  **Center  for  Space  Research,  University  of  Texas, 
Austin,  TX;  ***LowelI  Observatoty,  Flagstaff,  AZ;  ****Dept.  of  Astronomy, 
University  of  Virginia,  Charlottesville,  VA;  *****E)ept.  of  Astronomy,  Yale 
University,  New  Haven,  CT. 

ABSTRACT.  The  Fine  Guidance  Sensors  (FGSs)  are  the  instrument  of  choice  for  most 
astrometric  measurements  with  the  Hubble  Space  Telescope  (HST).  The  observed  amount 
of  spherical  abenation  in  the  Ritchey  Chretien  optical  system  does  not  affect  positional 
measurements  with  perfectly  aligned  FGSs  because  they  are  interferometers.  The  FGSs 
combine  wavefronts  from  points  in  the  exit  pupil  with  other  points  which  are  at  the  same 
radial  distance  from  the  optical  axis.  Asymmetric  aberrations  such  as  coma  and 
astigmatism  do  affect  the  measured  positions.  The  current  knowledge  of  tlie  HST 
wavefront  error,  the  FGS  operation  and  the  implications  for  milliarcsecond  relative 
astrometry  are  discussed.  It  is  still  planned  to  use  the  HST  to  tie  the  HIPPARCOS  and 
VLBI  Reference  Frames  together  at  the  few  milliarcsecond  level. 

1.  Introduction 

On  the  morning  of  24  April  1990,  STS-31  carried  the  Hubble  Space  Telescope  into  space. 
It  was  placed  into  orbit  the  following  day  with  an  inclination  of  28.5  degrees,  perigee  of 
331  nautical  miles  and  apogee  of  332  nautical  miles;  all  very  close  to  nominal. 

Of  the  six  scientific  instruments  which  comprise  the  instrumental  package  of  the  Hubble 
Space  Telescope  (HST),  only  the  Fine  Guidance  Sensors  (FGSs)  will  be  discussed.  Three 
Fine  Guidance  Sensors  are  associated  with  the  HST.  These  interferometric  devices,  as  part 
of  the  Pointing  Control  System,  fix  the  orientation  of  HST  with  respect  to  known  stars,  or 
may  be  used  for  astrometric  measurements.  The  location  of  the  three  FGS  fields  of  view  in 
the  focal  plane  of  HST  are  shown  in  figure  1.  The  design  aspects  of  the  Fine  Guidance 
Sensors  as  well  as  their  operational  and  observational  modes  are  completely  described  in 
references  7  and  8  given  in  the  bibliography. 

Figure  2  shows  the  fields  of  view  of  the  three  FGSs  with  respect  to  tiie  optical  axis. 

The  FGSs  use  Koester's  prisms  to  combine  two  images  of  the  exit  pupil  which  are 
reversed  with  respect  to  each  other.  Two  photomultiplier  tubes  measure  the  light  on  either 
side  of  the  interference  pattern;  call  these  outputs  A  and  B.  A  Fine  Error  Signal  (FES)  is 
produced  by  measuring  (A-B)/(A+B).  A  hypothetical  plot  of  the  FES  as  a  function  of  the 
position  offset  from  the  interferometer  "null"  position  is  given  in  figure  2.  The  null 
position  is  the  center  of  the  pattern  where  the  transfer  function  passes  through  zero. 
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This  paper  presents  the  results  of  ccnsistant  sets  of  transfer  functions  observed  under  a 
variety  of  conditions.  Affects  of  the  observed  vehicle  jitter,  the  telescope  optics  problems, 
and  possible  internal  FGS  problems  are  discussed. 


2.  The  Observations 


We  have  obtained  transfer  scans  in  all  FGSs,  but  with  limited  data.  We  have  not  obtained  a 
consistent  set  of  data  (different  magnitude  stars,  jittered  and  non-jittered  conditions,  same 
secondary  minor  position,  etc.)  in  POS  mode  with  full  aperture  in  any  FGS  and  in  POS 
mode  with  2/3  aperture  in  any  FGS  except  FGSS.  However,  fine  lock  has  been  achieved 
for  guiding  in  all  three  FGSs  on  bright  stars  (above  13th  magnitude). 

The  HST  ground  system  is  slow  to  respond  to  new  input.  From  the  time  an  observation  is 
first  formulated,  written,  submitted,  approved  and  scheduled  by  the  Space  Telescope 
Science  Institute,  at  least  4  to  6  weeks  will  elapse  before  the  observation  is  integrated  into 
the  timeline  and  actually  performed. 

2.1.  THE  DATA 

A  series  of  Transfer  scans  were  obtained  on  sets  of  stars  during  two  programs.  The  first 
program  was  a  series  of  secondary  mirror  position  changes  to  characterize  the  change  of 
image  structure  in  the  Planet^  Camera  and  the  Faint  Object  Camera  frames  as  a  function 
of  focal  position.  At  each  mirror  position,  WFPC  and  FOC  images  were  taken  (except 
when  guide  stars  were  lost  due  to  vehicle  jitter)  and  transfer  scans  were  performed  with  the 
FGSs  on  a  9th ,  a  12th,  and  a  15th  magnitude  star.  Each  star  was  scanned  five  times, 
providing  reproducibility  checks.  Scans  were  performed  with  both  clear  filter  and  2/3 
apertures.  TTiese  scans  provided  the  first  consistent  set  of  data  on  the  behavior  of  the  three 
FGSs.  All  data  were  taken  while  guiding  in  Coarse  Track. 

The  secend  series  of  positions  was  obtained  in  an  attempt  to  determine  the  optical  field 
angle  distortions  (OF AD)  within  each  pickle.  The  observations  were  made  in  NGC188 
where  the  relative  positions  are  known  from  ground  based  observations  at  the  0.01 
arcsecond  level  of  accuracy  (rms).  Ultimately,  the  OFAD  will  be  determined  by  a  priori 
measurements  and  a  full  plate  overlap  solution  at  the  0.002  arcsecond  level,  but  the  initial 
characterization  of  the  OFAD  is  done  with  respect  to  the  ground-based  measurements  to  get 
first-order  values  for  the  OFAD  coefficients. 

2.2.  REVIEW  OF  THE  DATA-SYMPTOMS,  PROBLEMS,  AND  POSSIBLE  CAUSES 

Three  areas  that  contribute  to  the  FGS  problems  may  be  identified:  Vehicle  jitter,  OTA 
(primary  and/or  secondary  mirror)  misfiguiement  and  misalignment,  and  possible  internal 
FGS  problems. 

2.2.1  Vehicle  Jitter,  When  the  Telescope  is  guided  in  Coarse  Track,  the  sum  of  the  PMT 
counts  from  the  four  quadrants  of  the  5  arcsecond  square  field  stop  (IFOV)  are  used  to 
determine  the  centroid  position  of  the  guide  stars,  as  the  stop  is  "nutated"  around  the  star. 
The  position  is  updated  4  times  per  second  while  using  all  of  die  data  from  the  previous  full 
second;  therefore,  the  Coarse  Track  information  can  be  used  to  estimate  how  much  the 
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vehicle  line  of  sight  is  moving  as  a  function  of  time.  The  thermal  variation  of  the  solar 
arrays  as  the  telescope  moves  from  orbit  day  into  orbit  night  causes  the  pointing  of  the 
telescope  to  "jitter".  The  peak-to-peak  excursions  after  the  day/night  transition  are  on  the 
order  of  .2  arcseconds  while  the  "quiet  time"  peak-to-peak  excursions  are  on  the  order  of 
.050  arcseconds.  A  dominant  frequency  of  0.1  Hz  can  be  clearly  seen  with  0.6  Hz  also 
present.  A  digital  filtering  algorithm  is  being  put  into  the  Pointing  Control  System  Flight 
Software  to  attempt  to  remove  the  0.1  Hz  jitter.  If  the  0.6  Hz  jitter  is  driven  by  the  0.1  Hz, 
then  the  0.6Hz  jitter  will  be  reduced  also.  We  hope  the  jitter  will  be  significantly  reduced, 
since  we  believe  it  to  be  perturbing  the  transfer  scan  data  (and  hence  varying  position 
measurements)  with  the  additional  possibility  of  contributing  to  the  loss  of  Fine  Lock  on 
guide  stars  fainter  than  13th  magnitude. 

Consecutive  scans  of  the  same  star  with  the  same  FGS  show  large  variations  in  the 
character  of  the  Transfer  Functions.  Dr.  Gerald  Nurre  has  simulated  the  effect  of  jitter 
(input  stimulus)  at  0.1  Hz  and  0.6  Hz  on  an  ideal  transfer  function,  while  varying  the  phase 
of  the  iiiput  stimulus  with  respect  to  the  phase  of  the  transfer  scan.  The  variation  of  the 
sigriatuic  in  some  of  his  simulations  show  induced  characteristics  which  are  strikingly 
similar  to  the  observations  from  one  scan  to  another. 

2.2.2  OTA  MisalignmentsIPossible  Internal  FGS  Problems 

i.  Figure  3  shows  transfer  scans  for  FGS2, 1,  and  3  in  x  and  y  on  the  same  star  with  the 
same  aperture  (2/3).  The  ordinate  is  the  normalized  Fine  Error  Signal.  The  separation 
between  the  tick  marks  is  either  0.1  or  0.2  unitless  numbers.  The  expected  theoretical 
amplitude  for  a  perfect  FGS  is  between  0.7  and  0.8.  The  amplitudes  of  FGS3  arc  close  to 
nominal,  whereas  the  amplitudes  of  the  other  two  are  significantly  reduced.  The  abscissa  is 
in  arcsecon^  where  the  total  data  plotted  is  about  one  or  about  two  arcseconds  depending 
on  the  individual  plots.  The  width  of  the  ideal  transfer  function  from  the  positive  peak  to 
the  negative  peak  is  about  40  milliarcseconds  and  can  be  used  to  estimate  the  scales  of  the 
individual  graphs.  The  plots  have  been  auto-scaled  and  are  reproduced  from  the  online  data 
extraction  system.  The  different  FGS  scans  were  observed  at  different  times.  The  transfer 
scans  taken  so  far  are  predominantly  taken  in  the  center  of  the  pickle.  Clear  differences 
between  the  transfer  scans  indicate  that  FGS  to  FGS  differences  exist.  The  x  coordinate  in 
FGS2  corresponds  to  the  y  coordinates  in  FGSs  1  and  3,  while  the  y  coordinate  in  FGS2 
corresponds  to  the  x  coordinates  in  FGSs  1  and  3.  If  a  star  is  double,  then  the  component 
separations  which  show  up  in  x  and/or  y  in  FGS2  will  show  up  in  the  reversed  coordinates 
in  the  other  two  FGSs.  Therefore,  if  a  scan  which  appears  as  a  "W"  were  due  to  a  double 
star  in  the  y  component  of  FGS2,  then  it  would  show  up  as  a  "W"  in  x  in  FGSl  and 
FGS3.  While  structure  exists  in  the  odd  FGSs,  it  is  unlikely  to  be  due  to  a  double  star 
because  of  the  different  nature  of  the  transfer  functions.  12th  magnitude  stars  were  used 
for  this  comparison  because  comprehensive  consistant  data  on  brighter  stars  do  not  yet 
exist. 

i^  Focus  Shift.  A  comparison  has  been  made  between  transfer  function  scans  of  the  same 
star  at  two  slightly  different  focus  settings  of  the  secondary  mirror.  The  position  difference 
between  the  two  settings  was  10  microns  along  the  optical  axis.  Within  ^e  noise,  no 
difference  between  the  two  scans  can  be  determined.  However,  the  focus  position 
difference  is  so  slight  that  nothing  can  be  said  about  the  change  in  the  characteristic  of  the 
transfer  function  for  widely  separated  focus  settings.  Still,  the  result  indicates  that  the 
system  is  stable  after  a  mirror  move. 

iii.  Magnitude  Comparison.  A  comparison  has  been  made  between  scans  with  the  same 
FGS  on  a  12th  magnitude  and  a  15th  magnitude  star.  Except  for  the  noise,  the 
characteristics  appear  to  be  the  same.  However,  the  difficulty  of  "picking  out"  the  transfer 
function  from  the  noise  in  the  fainter  star's  data  is  evident. 
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The  effect  of  averaging  within  the  FGS  on  real  data  has  been  demonstrated 
Successive  tests  indicate  the  data  with  binning  at  possible  FGS  averaging  times.  With 
good  data  (note  these  data  were  taken  in  FGS3  with  2/3  aperture-the  best  conditions  we 
have  at  the  moment)  we  should  be  able  to  detect  and  lock  onto  stars  as  faint  as  15th  with  the 
system  as  it  presently  exists. 

iv.  Clear  vs  2/3  Aperture  Comparison.  Comparisons  have  been  made  between  scans 
using  a  full  aperture  and  a  2/3  aperture  stop.  A  2/3  aperture  observation  produces  a 
reasonably  "clean"  S-Curve  while  the  full  aperture  produces  a  degraded  signal/noise  ratio, 
or  poor  niodulation  in  the  S-Curve. 

V.  Change  in  tilt  and  decenter  of  the  secondary  mirror. 

The  inid^  transfer  functions  observed  showed  the  following  characteristic:  The  transfer 
function  in  FGS  3  yields  best  modulation  in  the  signal.  The  signal  peak  is  almost  to  the 
expected  amplitude  (about  .7  on  a  normalized  scale)  for  a  fully  functional  FGS.  The 
transfer  functions  in  the  other  FGSs  show  greatly  r^uced  modulation  (around  0.2),  FGS2 
being  far  worse  than  FGS  1  or  3.  The  poor  perfonnance  was  ascribed  to  off-axis  coma  and 
astigmatism.  A  mirror  correction  was  made  to  correct  for  the  inferred  astigmatism  and 
coma.  The  amplitudes  are  now  more  consistant  with  each  other,  ranging  from  0.4  to  0.6 
under  different  conditions  for  the  different  FGSs.  The  amplitude  on  FGS3  was  in  fact 
slightly  reduced  after  tlie  mirror  moves. 

7.23.  Summary  of  the  Current  Status  of  the  FGSs.  The  HST  is  being  shaken  by  solar 
array  thermal  shock  as  it  passes  through  the  earth's  terminator  with  sporadic  thermal 
aftershock  occurring  during  orbit  The  thermal  gradients  arc  causing  "vehicle  jittev" 
resulting  in  disturbances  around  me  0.1  Hz  and  0.‘6  Hz  modes,  with  amplitudes  up  to  0.2 
arcseconds  peak-to-peak  initially  through  the  terminator.  The  jitter  is  making  the  uso  of 
Fine  Lock  difficuli-to-impossiblc  on  fainter  stars,  and  making  the  interpretation  of  rjie 
transfer  function  scans  in  the  FGSs  difficult  However,  engineering  solutions  to  ti.ie  jitter 
problem  arc  being  sought  The  first  implementation  is  due  around  the  middle  of 'October. 

Compared  with  an  ideal,  stationary  transfer  function  of  a  point  source  (sin.'gle 
unresolved  star),  the  transfer  functions  obtained  ^'aly  from  nearly  ideal  to  very  complex  and 
convoluted.  Comparison  between  transfer  functions  near  day/night  transition, s  and  diuing 
quiescent  periods  demonstrate  that  the  jitter  is  peirturbing  the  signature  of  the  transfer 
functions,  but  that  in  some  cases  (FGS2),  non-ideal  transfer  function?  with  multiple  values 
exist,  which  are  not  influenced  by  jitter.  We  do  mot  have  enough  inBnnation  yet  to 
determine  whether  the  problem  is  an  optical  aligiiment/mirror  figure  probl.em  in  the  main 
telescope  or  possible  internal  FGS  problems.  TTie  solution  to  determinir.jg  the  nature  of  the 
problems  we  have  observed  is  to  make  carefully  controlled  observation, s  which  will  isolate 
one  or  another  of  these  possibilities. 

3.  Recommendations 

'fhe  recommendation  is  to  establish  a  contirolled  experinaent  ’oy  observing  the  same  star 
at  the  same  focal  position  "across  FGS  boundaries",  i.e.,  to  obtain  transfer  functions  of  the 
star  at  nearly  the  same  position  in  the  field  of  view  for  each  FG,S.  the  entire  test  will  be 
performed  twice  for  "repeatability"  while  providing  some  protection  against  failed  guide 
star  acquisitions.  The  transfer  scans  will  be  performed  throughout  each  pickle  to  determine 
infra  FGS  changes  in  the  characteristics  of  the  transfer  functions. 

The  result  of  these  and  other  considerations  is  the  ’’9  points  of  light"  test,  to  be 
performed  around  the  end  of  November.  Observations  of  a  star  will  made  at  nine  points 

within  each  FGS.  See  figure  4.  The  points  have  beem  chosen  to  be  sensitive  to  ra^al  and 
transverse  variations  -vithin  each  FGS  and  to  interFGS  variations  due  to  the  primary  and 
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secondary  mirror  optical  distortions.  5  scans  with  both  the  clear  and  2/3  pupil  filters  will 
be  performed  at  each  position  through  each  aperture.  Assuming  that  at  least  50  percent  of 
the  data  are  good,  we  then  may  have  sufficient  information  to  determine  the  source  of  the 
corrupted  transfer  signature,  and/or  whether  they  have  either  internal  FGS  dependence  or 
OTA  field  dependence. 

The  second  test  to  be  performed  in  the  November  timeframe,  will  demonstrate  the 
capability  of  the  FGSs  to  perform  astrometric  measurements.  This  test  was  originally 
designed  as  a  series  of  tests  to  check  the  engineering  capabilities  of  the  instrument,  such  as 
fundamental  capabilities  of  each  FGS  to  lock  onto  .‘stars  in  Fine  Lock  witii  full  aperture, 
utilization  of  different  filters,  determine  whether  or  not  each  FGS  is  capable  of  measuring 
the  position  of  a  17th  magnitude  star,  and  whether  or  not  the  FGSs  are  capable  of 
performing  meaningful  transfer  scans. 

Our  current  plan  is  to  perform  these  tests,  to  take  whatever  corrective  action  is 
indicated,  and  to  repeat  the  tests  until  they  are  successful. 

4.  Conclusion 

If  the  jitter  fix  is  successful,  and  we  are  able  to  characterize  the  FGS/OTA 
problems,  we  eventually  should  be  able  to  reach  our  original  goal  of  17th  magnitude  with  a 
few'  milliarcseconds  (rms)  relative  pointing  accuracy. 

We  hope  that  the  successful  combination  of  these  tests  will  indicate  that  the  FGSs  are 
capab.le  of  performing  nulliarcsecond  astrometry  and  that  we  will  know  which  FGS  to 
choose  as  the  Astrometer.  The  tests  should  indicate  adjustments  that  must  be  made  before 
we  can  i^ach  astrometric  level  perform^ce.  Only  after  successful  completion  of  these  tests 
can  we  th'en  proceed  to  the  Science  Verification  portion  of  our  program,  where 
milliarcsei.'ond  calibrations  are  performed. 
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X  AND  Y  TRANSFER  FUNCTIONS 
OBSERVED  IN  FGSs  2, 1,  AND  3 
(top  to  bottom) 

Normalized  Fine  Error  Sign^  vs  Positional  Offset 


FIGURE  3 
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ABSTRACT.  This  paper  investigates  the  practical  use  of  the  nonrotating  origin  (NRO) 
(Guinot  1979)  for  estimadng  the  Earth  Rotation  Parameters  from  VLBI  data,  which  is 
based  on  the  rotational  transformation  between  the  geocentric  celestial  and  terrestrial  frames 
as  previously  derived  by  Capitaine  (1990).  Numerical  checks  of  consistency  show  that  the 
transformation  referred  to  the  NRO  is  equivalent  to  the  classical  one  refen-ed  to  the  equinox 
and  considering  the  complete  "equation  of  the  equinoxes"  (Aoki  &  Kinoshita  1983).  The 
paper  contains  die  expressions  for  the  partial  derivatives  of  the  VLBI  geometric  delay  to  be 
us^  for  the  adjustment  of  the  pole  coordinates,  UTl  and  deficiencies  in  the  two  celestial 
coordinates  of  the  Celestial  Ephemeris  Pole  (CEP)  in  the  multiparameters  fits  to  VLBI  data. 
The  use  of  the  NRO  is  shown  to  simplify  the  estimates  of  these  parameters  and  to  free  the 
estimated  UTl  parameter  from  the  model  for  precession  and  nutation. 


1.  INTRODUCTION 

The  classical  procedure  for  estimating  the  Earth  Rotation  Parameters  (ERP)  from  VLBI 
observables  refers,  due  to  historical  reasons,  to  the  equinox  of  date.  This  leads  to  a 
coordinate  transformation  from  the  Terrestrial  Reference  System  (TRS)  to  the  Celestial 
Reference  System  (CRS)  in  which  the  concepts  of  precession,  nutation  and  the  celestial 
Earth's  angle  of  rotation  are  mixed. 

As  VLBI  observations  are  nearly  not  sensitive  to  the  position  of  the  ecliptic  (and 
therefore  of  the  equinox),  but  only  to  the  position  of  the  equator,  the  use  of  a  coordinate 
transformation  from  the  TRS  to  the  CRS  based  both  on  the  nonrotating  origin  (NRO) 
(Guinot  1979)  and  on  the  two  celestial  coordinates  (Capitaine  1990)  of  the  Celestial 
Ephemeris  Pole  (CEP)  should  be  more  convenient  for  deriving  the  ERP  from  VLBI 
observations. 

The  purpose  of  this  paper  is  to  investigate  the  practical  use  of  this  proposed 
transformation  in  the  computation  of  the  geomeuic  delay  for  VLBI  estimates  of  tlie  ERP;  it 
contains  numerical  checks  of  consistency  between  this  transformation  and  the  classical  one 
and  gives  the  expressions  of  the  partial  derivatives  of  the  geometric  delay  with  respect  to 
the  fundamental  parameters. 
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2.  DEFINITION.  USE  AND  POSITIONING  OF  THE  NRO 
II.  Definition 

Let  (Oxyz)  be  the  instantaneous  system  base^d  on  the  instantaneous  equator,  its 
corresponding  pole  P  and  the  NRO;  the  NRO  has  been  defined  by  Guinot  (1979)  by  the 
kinematical  condition  that  when  P  moves  in  the  QilS,  the  system  (C)xyz)  has  no  component 
of  instantaneous  rotation  along  the  equator  with  respect  to  the  CRS  (Figure  1). 


Figure  1:  Kinematical  definition  of  the  NRO 

The  kinematical  condition  defining  the  NRO  corresponds  to  a  necessary  concept  to 
describe  any  motion  of  rotation  along  the  moving  equator.  It  allows  to  define  a  NRO  in  the 
CRS,  denoted  by  a,  and  also  a  NRO  denoted  by  ra  in  the  TRS,  as  an  exact  definition  of 
the  "instantaneous  origin  of  the  longitudes"  (i.e.  instantaneous  prime  meridian). 

2.2.  The  use  of  the  NRO  for  the  representation  of  the  Earth  Rotation 

The  "stellar  angle",  0  =  gives  the  "specific  Earth  angle  of  rotation",  such  that  e=(i)z,and 
UTl  should  therefore  be  conceptually  defined  as  an  angle  proportional  to  0  (Guinot  1979). 

2.3.  Positioning  of  the  NRO 

The  positioning  of  the  NRO  can  be  easily  derived  from  the  origin  £(,on  the  fixed  equator  of 
the  CRS  by  the  use  of  the  quantity  s.  A  similar  quantity  s'  is  necessary  for  positioning  ra  in 
the  TRS  (Figure  2). 


Figure  2:  The  positioning  of  the  NRO 


The  quantity  s  can  be  written  as  (Guinot  1979):  s  (cos  d-1)  E  dt,  which  provides 
the  position  of  o  on  the  moving  equator  as  soon  as  the  celestial  motion  of  the  CEP  is 
known  between  the  epoch  to  and  the  date  t.  Its  expression  as  a  function  of  time  has  been 
shown  to  be  nearly  not  sensitive  to  the  model  of  the  pole  trajectory  (Capitaine  et  a/.  1986). 
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3.  THE  COORDINATE  TRANSFORMATION  FROM  THE  TRS  TO  THE  CRS  TO  BE  USED  IN  THE 
VLBI  EARTH  ROTATION  PARAMETERS  ESTIMATES 

Any  prcxjedure  for  parameter  «tiniation  frornVLBI  observables  requires  the  calculation  of 
the  "geometric  delay" :  x  =  -  B^c  (where  B  is  the  baseline  vector.  It  is  the  unit  vector 
pointing  in  the  direction  of  the  observed  source  and  c  is  the  velocity  of  light). 

One  step  in  such  a  calculation  is  to  apply  to  the  baseline  vector  in  the  TRS,  the 
rotational  transformation  Q  of  coordinate  frames  from  the  TRS  to  the  CRS: 

[CRS]  =  Q  [TRS], 

Q  being  composed  of  several  separate  rotations. 

3.1.  Tlic  classical  transformation 

In  the  classical  procedure  Q  is  written  as:  Q=Qi.Q2.Q3,  such  that,  if  RjCn)  represents,  as 
usual,  the  rotation  matrix  of  angle  ^  around  the  i-axis : 

1)  Qi  =  R3(CA)-R2(-0A)-R3(zA)-Ri(-eA).R3(Av).Ri  (ea+ac), 

ea  being  the  mean  obliquity  of  the  ecliptic  at  date  t,  and  za.^a.  Oa,  Ae,  Ay  the  usual 
precession  and  nutation  quantities  in  right  ascension,  obliquity  and  ecliptic  longitude 
respectively,  referred  to  tiie  mean  ecliptic  of  epoch  (or  of  date) . 

2)  02  =  R3(-GST),  GST  being  Greenwich  True  Sidereal  Time  at  date  t,  including 
both  the  effect  of  rotation  and  the  precession  and  nutation  in  right  ascension, 

3)  03  =  Ri  (yp)-R2  (Xq). 

Xp  and  yp  being  the  "pole  coordinates"  of  the  CEP  in  the  TRS, 

3.2.  The  use  of  the  NRO  in  the  transformation  from  the  TRS  to  the  CRS 

The  use  of  the  NRO  allows  us  to  separate  0  into  three  independant  rotation  matrices,  such 
that:  0=Qi-Q2.03.  each  of  the  matrix  Oi  corresponding  to  one  component  of  the  Rotation 
of  the  Earth  around  its  center  of  mass: 


1)  Q,=R3(-E).R2(-d).R3(E).R3(s), 

for  those  rotations  arising  from  the  celestial  motion  of  the  CEP  (see  Fig  2),  including  the 
rotation  s  which  takes  into  account  the  displacement  of  a  on  the  instantaneous  equator  due 
to  the  celestial  motion  of  the  CEP, 

2)  Q2  =  R3  (-0)  for  tlie  rotation  of  the  Earth  around  the  axis  of  the  CEP, 

3)  (23  =  R3(-s’).R3(-F).  R2(g).  R3(F)  =  R3(-s’+Xpyp/2).Ri  (yp).R2  (Xp) , 

for  those  rotations  arising  from  the  terrestrial  motion  of  the  CEP  (see  Fig  2),  including  the 
rotation  s'  (Capitaine  1990)  which  takes  into  account  the  displacement  of  to  on  the 
instantaneous  equator  due  to  polar  motion. 


4.  NUMERICAL  CHECKS  OF  CONSISTENCY  OF  THE  COORDINATE  TRANSFORMATIONS 

The  coordinate  transformation  from  the  TRS  to  the  CRS  has  been  applied  to  vectors  in  the 
tentJStiial  frame  such  that:  (r  =  l,  cp  =  0^  X  =  Oh,  6h,  12h;  9  =  45**,  X  =  Oh,  6h,  12h), 
from  t  =  1900.0  to  t  =  2100.0,  every  0.1  century. 
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4.1.  Nuaierical  expressions  to  be  used  for  the  parameters  referred  to  the  NRO 

In  order  to  check  the  consistency  of  the  coordinate  transformation  from  the  TRS  to  the 
CRS  referred  to  the  NRO  with  the  classical  one  referred  to  the  equinox,  it  is  necessary  to 
have  consistent  numerical  expressions  fOT  the  parameters  used  in  the  two  transformations. 

(1)  Numerical  relationship  between  Band  UTl 

We  have  used  the  following  relationship,  which  has  been  given  by  Capitaine  et  al.  (1986) 
in  Oder  to  be  consistent  with  the  conventional  relationship  between  GMST  and  UTl  (Aoki 
et  al.  1982):  0  =  2re  {0.779  057  273  264  +  1.002  737  811  911  354  ),  (1) 

Tu  being  the  number  of  days  elapsed  since  2000  January  1, 12h  UTl. 

(2) Nutnerical  ejq)ression  for  the  celestial  pole  coordinates  of  the  CEP 

We  have  used  the  developments  as  functions  of  time  of  the  coordinates  X=sindcosE  and 
Y=sindsinE  of  the  CEP  in  the  CRS  as  given  by  Capitaine  (1990)  with  a  consistency  of 
SxlO"*"  after  a  century  with  the  conventional  developments  for  precession  and  nutation. 

Each  development,  including  both  effects  of  precession  and  nutation,  is  the  sum  of  a 
polynomial  form  of  t,  of  periodic  terms  corresponding  to  the  nutations  and  of  pseudo- 
periodic  terms  arising  from  the  cross  temis  between  general  precession  and  luni-solar 
nutations.  It  can  be  expressed  as: 

X(t)  =  X(to)+2004.310  9"t-0.426  65"t2-0.198  656"t3+0.000  014  OV  +Ei(aio+aiit)sin(cOit-(f.i) 

-0.000  35"sin2n+Zja’jit  cos(<Ojt-(tii)+C.002  04"t2sin£2  +  0.000  16"t2  sin2&+0.000  06"t2  cosfl 

(2) 

Y(t)  =  Y(to)-22.409  92-t2+0.001  836"t340.001  113  0¥+Si(bio+biit)cos(tOit-^l.i) 

+0.000  13'’COS2fl+Sjb'jit  sm((0jt-(|)i)  •  0.002  Sl't^  cosH  -  0.000  14”t2  cos2©, 

where  (aio,  bio)i=i.i06  are  the  coefficients  in  longitudexsinEo  and  obliquity  of  arguments 
(WitA)i=i.i06  of  the  1980  lAU  nutation,  and  aii,bij,aji,b j  are  quantities  lower  than  SxlO  ’", 
except  for  a  few  terms  (5  for  index  i  and  18  for  index  j). 

(3) Nwnerical  expression  for  the  quantity  s 

We  have  used  the  numerical  expression  of  s  as  derived,  by  the  relation:  s=-59"XY/2,  from 
the  numerical  values  of  X  and  Y  and  from  the  following  numerical  development  of  69, 
with  an  accuracy  of  5x10'^"  after  a  century  (Capitaine  1990): 

80  =  -  0.003  85"t+0.072  59'V  +  0.002  65"  sin  Q  +  0.000  06"sin  2f2 

-  0.000 14"\}  sin  Q  -  0.000  06’’t2  sin  20,  (3) 

which  is  equivalent  to  the  expression  of  s  previously  given  (Capitaine  et  al.  1986). 

4.2.  Internal  checks  for  the  transformation  referred  to  the  NRO 

Three  different  forms  of  Qi  have  been  tested,  using  the  previous  numerical  developments 
(1),  (2)  (3)  and  a  polar  motion  equal  to  zero  (i.e.  Xp=yp=s'==0) : 

(i):  Qi  as  defined  as  a  product  of  rotation  matrixes,  with:  E=arctan(Y/X),  d=arcsinyx2+Y^ 
Q,=R3(-E).  R2(-d).  R3(E).  R3(s),  (4) 


(ii):  Qi  as  given  directly  as  a  function  of  X  and  Y  and  s: 
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Qi  = 


l-aX 

■aXY 

-X 


-aXY 

I-aY^ 

-Y 


X 
Y 

l-a(X^+Y 


2  ,,2^ 


•  Rj(s) 


(5) 


with  a  =  l/(l+cosd)  =  1/2  +  1/8  (X^+Y^)  +..., 


(iii):  Qi  as  given  with  a  uracy  better  than  after  a  century  (Capitaine  1990),  as  a 
function  of  X,  Y  and  56  >  letrical  form  of  the  matrix  transformation  Q-?): 


Qi  = 


l-aX^  .2aXY+a^\  X 
0  1-aY^  Y 

-X{l+aY^)  .Y(l-aX*)  l-a(X^+Y“) 


\ 


.  R,(-50j 


(6) 


The  numerical  checks  of  the  transformation  applied  to  the  terrestrial  vectors  show  the 
identity  of  the  transformation  (i)  and  (ii)  and  show  moreover  that  (ii)  and  (iii)  are  in  all 
cases  equivalent  with  an  accuracy  better  than  10'® '• 

4.3.  Numerical  checks  of  consistency  between  the  transfonnation  referred  to  the  NRO  and 
the  classical  transformation 


The  proposed  coordinate  transformation  using  the  most  simple  form  (4)  for  Qi  has  been 
compart  with  the  classical  transformation  for  the  terrestrial  vectors  as  considered  in  the 
previous  section,  for  the  same  period  of  time,  assuming  as  previously,  a  polar  motion 
equal  to  zero  (i.e.  Xp=yp=s'=0).  The  numerical  developments  as  given  by  (1),  (2),  (3)  have 
been  used  for  the  transformation  referred  to  the  NRO,  whereas  for  the  classical 
transformation,  Ca.  za.  0a.  ea  are  the  precession  parameters  as  given  by  Lieske  ei  al. 
(1977),  and  Ay,  Ae  are  the  parameters  as  given  by  the  lAU  1980  theory  of  nutation. 

Greenwich  Sidereal  Time,  GST,  has  been  derived  from  the  expression  of  Greenwich 
Mean  Sidereal  Time,  GMST ohUTl.  as  given  by  Aoki  et  al  .(1982): 

GMSTohUri  =  24  1 10.548  41s  +  3  640  184S.812  866  T’u  +  0.'0931  04  T'u2.  6.s2xl0-^  T'u^,  (7) 

with  Tu  =du/365  25,  du  being  the  number  of  days  elapsed  since  2000  January  1, 12h  UTl, 
taking  on  values  ±0.5,  ±1.5, ....  and  from  the  periodic  terms  of  the  so-called  "equation  of 
the  equinoxes",  in  two  different  forms: 

(i)  as:  GST  =  GMST  +A\j>coseA+0.002  65"  sinQ+O.OOO  06"sin  2n,  (8) 

corresponding  to  the  periodic  terms  as  given  by  Woolard  (1953),  or  by  Aoki  and  Kinoshita 
(1983)  for  the  "equation  of  the  equinoxes"  in  a  "wider  sense", 

(ii)  as:  GST  =GMST+AYcoseA .  (9) 

corresponding  to  the  "equation  of  the  equinoxes"  limited,  as  it  is  the  general  case,  to  the 
nutation  in  right  ascension. 

It  should  be  noted  that  the  expression  (8)  of  the  equation  of  the  equinoxes  can  only  be 
obtained  by  using  implicitely  the  concept  of  the  NRO  in  order  to  express  the  accumulated 
precession  and  nutation  on  the  moving  equator  between  the  epoch  and  the  date. 

The  numerical  tests  of  consistency  of  the  coordinate  transformation  referred  to  the 
NRO  with  the  classical  transformation  referred  to  the  equinox  gives  the  following  results 
for  the  differences  in  the  equatorial  coordinates  a  and  5  of  the  terrestrial  vector  in  the  CRS: 
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(i)  with  the  complete  expression  (8)  for  the  equation  of  the  equinoxes: 
from  1900.0  to  2000.0:  0.4  x  10-6*<  5a  <1  x  10-^" 

0.4x10-6“^  55  <1x10-^“, 

except  for  a  very  few  cases  for  which  die  difference  reachs  1.4  x  10^" 

from  2000.0  to  2100.0:  0.1  x  10-6"^  5a  ^0.9  x  lO*'*" 

0.5  X  10-6"^  55  ^.9  X  lO-^". 

In  most  cases,  from  1900.0  to  21CO.O,  the  differences  5a,  65  are  lov/er  than  SxlO'^",  which  is 
the  order  of  the  consistency  of  the  used  developments  (1),  (2),  (3)  with  the  conventional 
developments  for  precession,  nutation,  and  Greenwich  Sidereal  Time  (7)  and  (8). 

(ii)  with  the  incomplete  expression  (9)  for  the  equation  of  the  equinoxes,  nearly 
idendcd  results  are  obtained  for  65,  which  is  not  sensitive  to  a  rotation  around  the  axis  of 
the  CEP,  but  periodic  variadons  appear  in  the  differences  in  right  ascension,  with  the 
period  of  Ci.  and  an  amplitude  of  the  order  of  2  mas  (see  Table  1). 

1900.0:  -2.2  x  lO'^"  1920.0:  -2.0  x  10-3"  1940.O;  -i.l  x  lO'^" 

1960.0:  -0.5  x  lO'^"  1980.0;+1.2  x  10-3"  2000.0:+2.2  x  10-3" 

Table  1:  examples  of  the  differences  in  right  ascension  of  u.v  Gx  lerrcsu-ial  axis  in  the  CRS 
resulting  from  the  use  of  the  incomplete  expression  (9)  for  the  "cquartion  of  tlie  equinoxes" 

Complementary  calculations  show,  for  example,  that  the  difference  is  minimum  in  1988 
and  1997  and  maximum  in  1992  and  2002. 

Such  numerical  checks  show  the  consistency  of  the  coordinate  transformation  referred 
to  the  NRO  and  using  the  numerical  developments  (1)  for  the  stellar  angle,  (2)  for  the 
coordinates  of  the  CEP  in  the  CRS  and  (3)  for  the  positioning  of  the  NRO  with  the 
classical  transformation  referred  to  the  equinox  and  using  the  conventional  models  for 
precession  and  nutation,  Greenwich  Mean  Sidereal  Time,  as  well  as  the  complete 
expression  (8)  for  the  "equation  of  the  equinoxes".  Such  numerical  checks  show  moreover 
that  the  use  of  the  incomplete  equation  of  the  equinoxes  in  the  expression  of  Greenwich 
Sidereal  Time  at  the  date  of  the  observadon,  as  it  is  presently  the  case  in  the  reduction  of 
VLBI  data,  leads  to  a  spurious  periodic  rotation  around  the  axis  of  the  CEP  with  an 
amplitude  of  a  few  mas.  Such  a  rotation  is  probably  mainly  absorbed  in  the  estimated  UTl, 
which  includes  therefore  a  periodic  error  of  this  amplitude. 

This  results  show  the  advantage  of  using  the  NRO  as  an  explicit  origin  fo  reckoning 
the  Earth's  rotation  in  order  to  derive  an  accurate  UTl  parameter  from  the  observations. 


5.  PROCEDURE  FOR  ERP  ESTIMATES  FROM  THE  VLBI  OBSERVABLES 

5.1.  General  case  of  the  pardal  derivatives  of  the  geometric  delay  with  respect  to  the  ERP 

The  ERP  affect  the  expression  of  the  VLBI  geometric  delay  only  through  the  orientation  of 
the  Earth  as  a  whole.  Therefore,  if  x  is  the  geometric  delay  m  the  geocentric  frame,  ^ 
have,  for  each  of  the  ERP  (Sovers  and  Fanselow  1987),  Kj ,  being  the  components  oflc 

andT  in  the  CRS  and  the  TRS  respeedvely  and  being  the  elements  of  die  matrix  Q: 

dq  C  8q 
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The  corrections  to  the  ERP  can  therefore  be  estimated  by  a  least  squares  fit  among  the 
VLSI  observed  delays,  using  the  expression  for  the  partial  derivatives  of  the  rotational 
matrix  transformation  Q  with  respect  to  each  of  the  parameter  Xp,  yp,  UTi,  X  and  Y. 

In  the  proposed  transformation  referred  to  the  NRO,  the  coordinates  X  and  Y  of  the 
CEP  in  tlte  CRS  appear  only  in  the  matrix  Qi,  UTl  appears  only  in  the  matrix  Q2  and  the 
coordinates  xp  and  yp  of  the  CEP  in  the  TRS  appear  only  in  the  matrix  Q3.  Such  a  fomi  of 
the  rotational  transformation  Q  simplifies  the  calculation  of  its  partial  derivatives  with 
respect  to  the  ERP  as  compared  to  the  classical  case  in  which  the  precession  and  nutation 
parameters  appear  in  a  complicate  way  both  in  Qi  and  Q2. 

Tlie  rotation  matrix  Q2  being  independent  of  the  celestial  pole  coordinates  X  and  Y, 
the  UTl  parameter  as  estimated  from  'VnLBI  observables  using  this  transformation  would 
be  free  from  the  errors  on  the  model  for  precession  and  nutation.  This  represent  an 
improvement  as  compared  to  the  classical  method  in  which  the  estimated  UTl  is 
dependent,  due  to  the  used  relationship  between  GST  and  UTl,  on  the  precession  and 
nutation  model  in  right  ascension. 

The  partial  derivatives  with  respect  to  UTi  and  the  pole  coordinates  are,  such  that,  k 
being  the  conversion  factor  between  the  stellar  angle,  9,  and  1171:9  Q  _  .l_Qi.  9R3(9).  Q3 

aUTl  k  30 

Q 1  .Q2.R3(-S'+Xnyn/2).R  1  (yn).3R2(Xn)  Ql.02.R3(s’-t-Xnyn/2).3Rl(yn).R2(Xn) 

3xp  9xp  9yp  9yp 

the  derivatives  3R2(xp)/9xp,  3Ri(yp) /9yp,  9R3(0)/36  being  easily  obtained  as  the 
derivative  of  a  rotation  matrix  of  angle  q  with  respect  to  r\. 

The  partial  derivatives  with  respect  to  the  coordinates  of  the  CEP  in  the  CRS  are  such  that: 

^=:^.Q2-Q3  ^  =  ^-Q2  Q3  . 

ax  ax  ’  BY  BY 


5.2.  Expression  of  tlie  partial  derivatives  with  respect  to  the  celestial  coordinates  of  the  CEP 


For  computing  the  partial  derivatives  of  Qi  with  respect  to  X  and  Y,  the  forms  (5)  or  (6) 
are  the  most  convenient  ones,  as,  firstly  X  and  Y  appear  explicitly,  and  secondly,  the 
partial  derivatives  of  59  or  s  with  respect  to  X  and  Y  can  be  neglected. 

Such  partial  derivatives  can  be  written  as: 
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5.3.  Interpretation  of  the  estimated  quantities  dX  and  dY 

The  corrections  dX  and  dY  which  can  be  estimated  from  VLSI  observables,  using  the 
partial  derivatives  (10)  and  (11)  of  the  rotational  matrix  Qj,  correspond  to  the  deficiencies 
in  the  conventional  model  for  the  coordinates  X  and  Y  of  the  C^P  in  the  CRS.  Tney  can  te 
written  as: 

dX  =  4o  +  5X  ,  dY  =  Tio  +  5Y,  where  ^o.  are  for  the  constant  offset 
between  the  pole  of  the  CRS  and  the  pole  of  the  epoch  of  the  model  and  5X,  5Y  for  the 
deficiencies  in  the  models  (including  both  precession  and  nutation)  at  the  date  of  the 
obser\'ation.  Using  the  developments  of  X  and  Y  as  given  by  Capitaine  (1990),  the 
deficiencies  8X,  5Y  in  the  models  can  be  written,  with  an  accuracy  better  than  5x10'^"  after 
a  century,  as:  SX  =  dy^^  sinEo+dAysineo,  5Y  =  de^+dAe,  where  dy^^  and  de^  are  the 
errors  on  the  model  for  precession  and  dAy ,  dAe,  the  errors  on  the  model  for  nutation. 

dX  and  dY  are  the  quantities  to  which  the  VLBI  observations  of  radio-sources  are 
actually  sensitive,  as  they  provide  the  position  of  the  instantaneous  equator  with  respect  to 
the  equator  of  the  CRS.  Such  quantities  are  presently  derived  from  VLBI  observables  on 

the  form  dysinEo  and  de  by  using  a  more  complicated  procedure  involving  separately 
precession  and  nutation  of  which  the  effects  are  in  fact  not  separable  using  VLBI 
observations. 

This  shows  the  advantage  of  using  X  and  Y  as  the  two  fundamental  parameters  for  the 
celestial  motion  of  the  equator  instead  of  the  large  number  of  the  precession  and  nutation 
parameters  generally  considered. 


6.  CONCLUSION 

The  coordinate  transformation  from  the  TRS  to  the  CRS  using  both  the  NRO  and  the 
coordinates  of  the  CEP  in  the  CRS  has  been  shown  to  be  numerically  consistent  with  the 
classical  one  (when  the  complete  equation  of  the  equinoxes  is  used)  with  an  accuracy  better 
than  O.lmas.  Such  a  representation,  which  clarifies  the  involved  concepts,  has  been  shown 
to  simplify  the  estimates  of  the  Earth  Rotation  Parameters  from  VLBI  observables  and  to 
free  the  estimated  UTl  parameter  from  the  precession  and  nutation  model. 
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ABSTRACT  The  procedures  are  summarized  in  order  to  obtain  a  reference  system  which  is  avail¬ 
able  at  the  present  moment  and  in  the  near  future  for  the  astronomical  purposes.  The  target  of 
the  present  discussions  is  the  lAU  General  Assembly  to  be  held  in  the  summer  of  year  1991,  in  or¬ 
der  to  find  out  an  agreeable  result  there.  Discussions  beyond  this  are  postponed  to  a  further  occasion. 


Introduction 

Reviewing  the  voluminous  Circular  Letter  n°4  of  Kovalevsky  to  Subgroup  on  Coordinate 
Frame  and  Origin  (  SgCFO  ),  dated  July  17,  1990,  on  the  very  delicate  problems,  I  feel 
nevertheless  some  difficulties  to  accept  these  proposals  as  they  are.  I  have  here  made  the 
modifications  and  /  or  counter-proposals  and  comments,  respectively,  as  follows: 
section  1.  corresponds  to  the  original  section  2.1  (Gl);  t.yction  2.  to  section  2.2  (G2);  sec¬ 
tion  3.  to  section  3.1  (Rl);  section  4.  to  section  3.2  (R2);  and  section  5.  to  section  4.  The 
reason(s)  why  1  have  made  the  counter-proposals  may  be  fc  nd  in  the  comments,  which  are 
arranged  as  the  second  subsection  of  each  section.  Each  sui>oection  is  further  divided  into 
several  subsubsections  in  some  cases. 

In  the  following,  I  ha^'e  used  the  abbreviations:  A  for  Ao-.i,  and  K  for  Kovalevsky. 

1.  Recommendation  on  the  Definition  of  the  Refe/tmce  Frame  to  be  Aimed 
(Gl) 

1.1.  PROPOSAL 

I  have  proposed  the  expression  of  the  line  element  in  the  form  (hat  it  gives  the  time-like 
argument  instead  of  the  original  form  which  give  the  space-liki  argument.  The  concrete 
expression  was  given  in  a  letter  to  K,  September  20,  1990. 
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1.2.  COMMENTS 

1.2.1  Conceptual  /  Conventional  Definition.  To  my  opinion,  the  discrimination  between 
the  conceptual  and  conventional  definitions  is  not  clear  (  For  some  details,  connecting  to 
the  CEP,  see  A  1990,  Appendix  B)  .  Therefore,  I  have  chosen  the  wordings  “definition  to  be 
aimed”  and  “definition  to  be  realized  or  realizable”  instead.  For  I  don’t  prefer,  in  particular, 
the  usage  of  “conventional”  in  the  meaning  of  “which  should  be  avoided”. 

1.2.2  Reference  Frame  /  System.  The  usage  of  “reference  frame”  and  “reference  system” 
by  Kovalevsky  seems  not  to  be  recommendable.  See  A  1990,  Appendix  A.  Also  see  the 
arguments  by  Eichhorn  1990. 

1.2.3  Form  of  the  Line  Element.  The  original  expression  of  the  line  element  is  given  to 
be  applicable  for  the  barycentric  .system  of  the  solar  system,  as  well  as  in  order  to  cover  the 
local  systems,  such  as  the  geocentric  system.  However,  according  to  my  opinion,  the  latter 
case  is  derivable  from  the  former,  and  it  is  not  necessary  to  give  it.  Instead,  I  think  it  is 
necessary  to  give  the  expression  of  the  potential  function  in  a  more  explicit  form,  in  order 
to  avoid  a  possible  confusion. 


2.  Constraint  Recommendation  (G2) 
2.1.  PROPOSAL 


considering 

a)  the  necessity  to  define  a  barycentric  coordinate  system  centered  at  the  barycenter  of  the 
solar  system,  a  geocentric  coordinate  system  centered  at  the  barycenter  of  the  earth,  and 
the  terrestrial  coordinate  system, 

b)  the  desirability  that  the  coordinate  system  be  linked  to  the  best  physically  realizable 
references  in  time  and  space,  ana 

c)  that  the  theory  of  general  relativity  is  appropriate  to  describe  the  reference  frames, 
recommends 

1.  that  it  is  urgent  to  research  whether  the  coordinate  system  without  rotation  considering 
only  the  masses  within  the  solar  system  conforms  with  that  of  the  whole  universe  or  not, 

2.  that  the  geocentric  coordinate  system  is  constructed  so  as  to  be  tangential  [  in  other 
words,  in  such  that  its  time  coordinate  is  selected  to  be  the  proper  time  at  the  geocenter 
(  which  is  the  origin  of  the  coordinate  system)  given  by  the  line  element  of  the  basic 
coordinate  system  for  which  the  mass  of  the  earth  is  omitted  and  its  spatial  coordinates  to 
be  perpendicular  to  its  time  coordinate  at  the  origin],  but  of  which  the  so-called  geodesic 
or  relativistic  precession  is  discarded,  in  order  to  be  a  natural  coordinate  .system. 

3.  that  the  relation  between  the  geocentric  coordinate  system  and  the  terrestrial  coordinate 
system  should  be  accounted  for  the  rotation  of  the  earth  and  for  the  attracting  force  arising 
from  the  mass  distribution  within  the  earth,  and 
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4.  that  in  order  to  be  parallel  in  average  between  the  time  reading  of  the  coordinate  time 
in  the  barycentric  coordinate  system  of  the  solar  system  and  that  realized  on  the  (timely 
averaged)  geoid  of  the  terrestrial  coordinate  system,  the  units  of  time  arguments  are  selected 
to  be 


[sj]  =  (1  -  1.55050  X  10"*)[sb],  (1) 

where  (sxl  is  the  time  unit  of  the  terrestrial  coordinate  system,  identified  with  the  SI  Unit, 
and  [sb]  is  the  time  unit  of  the  barycentric  coordinate  system. 

2.2.  COMMENTS 

2.2.1  Natural  Coordinate  System.  It  is  not  yet  sufficiently  established  that  the  quasar 
system  links  to  the  non-rotating  system  in  the  dynamical  sense.  For  detail,  see  A  1990, 
Appendix  A  (  in  which  I  have  discussed  that  the  so-called  “ideally  quasi-inertial  system” 
should  be  replaced  by  the  natural  coordinate  system  ),  and  section  6.2  (  in  which  I  have 
discussed  the  (supposedly  apparent)  motion  of  3C273B  ). 

I  think  it  is  necessary  to  add  the  last  clause  in  the  item  2.  of  the  Recommendation 
beginning  with  “but.”  See  a  discussion  on  the  geodesic  precession  in  A  1990,  Appendix  A. 

2.2.2  Barycentric,  Geocentric,  and  Terrestrial  System.  I  think  it  is  necessary  to  give  the 
relations  among  the  barycentric,  geocentric,  and  terrestrial  systems  in  a  clearer  and  more 
concrete  expression  than  the  original  text. 

2.2.3  Scaling  of  the  Time  Argument.  I  still  have  the  opposite  opinion  against  to  abandon 
the  present  convention  of  scaling  the  time  argument. 

The  main  reason  of  my  opposition  is  that  the  existing  planetary  ephemerides  in  terms  of 
TDB  are  to  be  neither  excluded  nor  re-cilculated,  and  for  the  sake  of  continuity  it  is  nec¬ 
essary  to  have  these  ephemerides  also  in  the  future.  The  similar  opposisions  are  expressed 
by  people  of  JPL,  such  as  Lieske,  Dickey,  Williams,  and  Standish. 

The  numerical  value  given  in  eq.(l)  comes  from  Fukushima  et  al.  1986. 

3.  Recommendation  on  Reference  Frames  to  be  Aimed  (Rl) 

3.1.  PROPOSAL 


considering 

a)  that  the  reference  frame  should  be  still  defined  to  be  referred  to  the  mean  equator  and 
equinox  of  the  fundamental  epoch  of  J2000.0  (say), 

b)  that  the  catalogue  to  be  realized  should  include  objects  being  well  coordinated  and 
emitting  any  electromagnetic  wave  available  for  the  astronomical  purposes,  and 
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c)  that  this  catalogue  should  be  an  extension  of  the  presently  existing  FK5, 
recommends 

1.  that  an  international  working  group  be  set  up,  in  order  to  select  the  appropriate 
candidate  objects  for  constructing  the  reference  coordinate  system,  consisting  of  members 
of  Commissions  4,  8,  19,  24,  and  31,  and  other  pertinent  experts,  with  consultation  of 
Commissions  5,  33,  40,  and  all  the  pertinent  (or  relevant)  institutes; 

2.  and  that  its  subgroup  collect  all  the  observational  data  of  their  positions  and  princi¬ 
pal  characteristics  available  and  compile  the  positions,  in  particular,  with  respect  to  the 
reference  frame  defined  above,  as  early  as  possible,  so  that  the  new  fundamental  catalogue 
serves  as  a  continuation  and/or  an  extension  of  the  FK5. 

3.2.  COMMENTS 

3.2.1  On  the  Definition  of  Reference  Frame.  I  have  a  strong  objection  to  define  the 
reference  frame  [  the  reference  system,  in  Kovalevsky  and  Mueller(1981)’s  sense]  by  a  set  of 
quasar  system.  The  reason  is  that  we  do  not  know  whether  the  quasar  system  represents 
the  ideal  system  which  is  considered  in  Recommendation  Gl.  (See  A  1990.  sections  2  and 
4),  Wielen  comments  “  If  we  would  define  the  coordinate  system  at  J2000.0  implicitly  by  a 
set  of  quasar  positions,  how  should  we  improve  this  list  by  further  observations?”) 

De  Vegt  argues  that  VLBI  uses  objects  [quasars]  which  stem  from  a  class  displaying  most 
variable  astrophysical  properties  and  which  in  addition  are  poorly  understood:  and  further 
argues  that  this  could  have  a  serious  impact  on  the  longterm  usability  of  this  object  class 
(change  of  spatial  structure  and  emission  strength).  Murray  comments  “  We  know  from 
experience  that  even  in  the  best  fundamental  catalogues  there  are  individual  and  systematic 
regional  errors.  How  can  we  be  certain  that  VLBI  catalogues  do  not  have  analogous  errors, 
albeit  on  a  small  .scale?” 

The  problem  depends  on  the  accuracy  obtained  or  obtainable.  When  we  have  the  more 
accuracy,  we  have  to  take  the  more  care  of  it.  I  have  a  common  opinion  that  the  refotence 
frame  should  be  defined  by  the  mean  equator  and  equinox  at  some  epoch,  say  12000.0.  We 
should  not  change  this  conventional  principle  as  was  stated  by  Murray. 

3.2.2  A  Working  Group.  As  was  discussed  by  de  Vegt  in  his  letter  to  K.  on  2.3.0?i[s/(].!)0. 
the  lERS  group  has  interest  only  on  the  quasar  positions.  However,  the  objects,  to  be 
coordinated,  are  not  restricted  only  to  the  radio  sources.  Therefore,  the  lERS  to  which  the 
original  proposal  refers  has  been  replaced  by  an  international  working  group,  according  to 
his  suggestion. 


4.  Recommendation  on  the  (Conventional)  Reference  System  to  be  Realized 
(R2) 


4.1.  PROPOSAL 
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considering 

a)  that  the  new  conventional  celestial  barycentric  reference  system  to  be  realized  should 
be  as  closely  as  possible  to  the  existing  FK5  reference  system  as  referred  to  J2000.0,  and 

b)  that  it  should  be  accessible  to  astrometryf  -rist  ]  in  visual  wavelengths  as  well  as  in  radio 
wavelengths, 

recommends 

1.  that  the  position  of  the  extragalactic  sources  given  in  the  catalogue  representing  the 
reference  system  be  computed  for  the  epoch  J2000.0  using  the  presently  adopted  value  of 
precession  and  nutation, 

2.  that  a  great  effort  be  developed  in  intercomparison  of  reference  systems  of  all  types 
between  them  and  particularly  with  FK5  and  extragalactic  reference  systems, 

3.  that  all  types  of  observing  programs  be  undertaken  or  continued  in  order  to  link  to 
a  catalogue  of  extragalactic  source  positions  to  the  best  catalogue  of  star  positions,  in 
particular  FK5  and  HIPPARCOS  catalogues  with  the  accuracy  of  these  catalogues,  and 

4.  that  the  Ox  axis  of  the  spherical  coordinates  of  the  conventional  celestial  reference 
system  be  as  close  as  possible  to  that  of  the  FK5,  equinox  J2000.0,  and  that  tlie  principal 
plane  be  as  close  as  possible  to  the  mean  equator  at  epoch  J2000.0. 

4.2.  COMMENTS 

4.2.1  Designation  of  the  Fundamental  Epoch.  J2000.0  is  employed  here  for  the  designation 
of  fundamental  epoch,  in  accordance  with  the  lAU  recommendation  1976,  instead  of  J.2000 
of  the  original  text. 

4.2.2  Reference  System  j Frame.  Exchanges  between  “reference  system”  and  “reference 
frame”  are  taken  place.  As  for  the  reason,  see  section  1.2.2. 

4.2.3  What  is  the  Best  Value?  I  have  changed  “the  best  available  values  of  precession  and 
nutation”,  in  item  1.  of  the  original  text.  The  reason  is  as  follows: 

(i)  It  is  very  hard  to  accept  the  statement  which  gives  an  allowance  to  use  the  best 
value  for  the  precession  constant  instead  of  the  presently  adopted  constant,  since 
the  meaning  of  the  “best”  will  depend  on  each  researcher’s  judgment.  In  fact,  we 
cannot  separate  the  precession  from  nutation,  even  using  the  very  accurate  VLBI 
observational  data  presently  available  (For  detail,  see  A  1990,  section  4.3.) 

(ii)  Moreover,  it  is  unusual  in  the  history  of  the  lAU  to  give  such  an  allowance  without 
specifying  the  value  to  be  used  of  an  important  astronomical  constant.  If  this  would 
take  place,  we  would  not  be  able,  afterwards,  or  at  least  it  would  be  very  ilifficult 
to  follow  up  what  value  some  person  actually  used. 
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(iii)  Schwan  in  his  letter  to  K,  30  August,  1990,  stressed  that  “We  should  therefore 
make  the  extrapolation  to  J2000  with  the  lAU  standard  values  because  a  frequent 
change  in  the  constants  is  very  unconvenient[  in-  ]  and  even  dangerous  if  different 
observations  are  to  be  compared  (see  also  my  [Schwan’s]  letter  of  28  May  1990).” 
De  Vegi,  in  his  letter  to  K,  23.05[sic].90,  gave  a  similar  opinion. 

4.2.4  Reference  System  to  Which  the  Motion  is  Described.  There  was  some  confusion 
and  misunderstanding  on  the  “motionless.”  In  fact,  in  the  past,  there  were  some  quasar 
catalogues  without  mentioning  their  mean  observation  dates  explicitly,  according  to  Walter 
1990,  probably  from  a  reason  because  the  quasar  system  is  “motionless.”  They  were,  1 
♦'•ink,  coming  from  a  bad  practice.  We  don’t  know  exactly  the  precession  constant;  there¬ 
fore,  the  reduced  position  for  each  obserevation  epoch  using  an  adopted  precession  constant 
is  not  necessarily  fixed.  After  assemling  such  data,  we  can  separate  the  precession  constant 
statistically  in  such  a  way  that  the  prece.ssion  refers  to  the  mean  position  of  ensemble  of 
the  observed  objects.  This  convention  has  been  applied  since  the  days  of  Bessel.  It  is  very 
important  to  notice  that  the  method  does  not  depend  on  whether  the  objects  do  move  or 
not.  In  other  words,  it  is  not  pre-requested  that  the  ensemble  is  motionless  or  not.  It  is  still 
valid  for  quasar  system,  albeit  the  degree  of  accuracy  is  much  higher  than  the  stellar  case. 
Yet,  I  am  afraid  that  there  is  a  misunderstanding  on  this  point.  It  is  important  to  recall 
that  we  should  always  mention  something  to  which  “the  motion”  is  referred.  In  fact,  Smitli 
asked  “but  relative  to  what  [the  motions  of  quasars  are  measured]?”  It  is  a  tautology  and 
trivial,  as  is  easily  understood,  to  say  that  the  quasar  system  is  motionless  with  respect  to 
the  quasar  system. 

4.2.5  Dynamical  Reference  System.  There  is  another  kind  of  reference  system  which  is 
called  dynamical.  This  reference  is  based  on  the  dynamical  solution  of  the  members  of  the 
solar  system.  Such  a  system  should  be  connected  with  the  statistically  obtained  quasar 
system.  Presently  the  link  is  not  so  tight  because  of  the  lower  accuracies  in  the  optical 
observations  of  the  sun  and  the  planets  than  radio  range  observations.  However,  I  have  a 
hope  for  a  time  when  sufficient  observational  materials  of  the  so-called  millisecond  pulsars 
are  collected,  since  the  analysis  of  these  materials  is  expected  to  be  able  to  afford  the  orbital 
motion  of  the  earth  with  respect  to  the  radio  source  system.  See,  for  more  detail,  A  1990, 
section  3. 

4.2.6  The  necessary  Steps.  It  is  not  yet  established  whether  the  apparent  differences  in 
orientation  among  various  VLBI  catalogues  at  a  level  of  milli-arcsecond  (mas)  are  really 
due  to  the  nutation  offsets  depending  on  the  selected  reference  days,  respectively,  (  A  1990, 
section  4.3  )  or  due  to  the  other  systematic  errors  involved  in  the  reduction  analysis.  In 
fact,  during  a  discussion  with  me  when  Ma  visited  Japan,  he  recognized  that  a  presently 
compiled  catalogue,  such  as  Ma  et  al.  1990,  depending  on  the  reference  day,  is  a  catalogue 
with  tentative  character.  Therefore,  the  steps  to  be  taken  are  as  follows: 
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(i)  To  establish  observationally  the  offsets  of  the  nutational  coefficients  at  least  for  tlie 
short  periods  (  equal  to  or  less  than  one  year),  by  excluding  any  contamination 
caused  by  the  other  effects. 

The  subgroup  on  nutation  has  decided  not  to  adopt  new  nutation  series  for  the 
time  being  since  the  theoretical  consistency  is  not  yet  obtained.  But  we  may  obtain 
observationally  a  tentative  nutation  series  for  the  components  including  the  so-called 
out-of-phase  components  [  See,  e.g.,  Herring  et  al.  1986  ]  at  least  with  periods  of  or 
less  than  a  year. 

(ii)  To  obtain  theoretically  the  real  causes  of  the  offsets  on  the  well-established  internal 
constitution  of  the  earth. 

The  terrestrial  reference  coordinate  system  should  be  referred  to  the  so-called  Tis- 
serand  mean  axes  (  see  Munk  and  MacDonald  1960,  p.  lOf.  ),  which  is  defined 
in  such  that  the  total  angular  momentum  of  the  earth  referred  to  this  coordinate 
system  is  zero.  However,  this  is  not  yet  accomplished,  because  the  observation  sites 
are  scanty  on  the  earth’s  surface,  and  because  we  have  to  use  a  modeling  of  the 
motion  of  crustal  plates,  e.g.,  such  as  given  by  Mister  and  Jordan  1978. 

We  do  not  know  the  modeling  of  plates,  on  which  tlie  observatories  reside  separately, 
is  altogether  correct,  because  of  the  scanty  number  of  the  observatories.  The  present 
practice  may  lead  us  tlius  to  a  divergence  in  the  definition  of  reference  coordinate 
systems  among  the  different  networks  depending  on  the  different  choice  of  the  VI.Bl 
observation  sites. 

(iii)  Upon  completing  the  above  steps,  we  may  have  the  quasar  positions  with  respect 
to  the  adopted  Tejerence  system,  not  on  the  basis  of  day  by  day  but  of  year  by  year. 
It  Is  not  recommend  able  to  analyze  the  quasar  positions  using  a  reference  day  dis¬ 
cussed  by  Ma  et  al.  1990  (  Also  see  Sovers  1990  ],  because  the  quasar  catalogue 
reduced  to  a  fundamental  epoch  such  as  J2000.0  depends  on  the  reference  day,  since 
the  adopted  values  ate  not  so  accurate  that  they  do  not  represent  the  orientation  of 
the  earth  in  space. 

This  means  that  the  reference  coordinate  systems,  to  which  such  catalogues  are  re¬ 
ferred,  may  be  their  own  tentative  reference  systems  but  do  not  represent  the  unique 
reference  system.  According  to  Ma’s  opinion,  the  quasar  positions  are  sufficient  if 
they  are  expressed  in  a  relative  sense.  This  may  be  true  as  far  as  we  consider  only 
the  quasar  observations,  but  this  does  not  mean  that  such  a  treatment  produces  the 
reference  coordinate  system  to  which  the  every  astrometric  observations  should  be 
referred. 

(iv)  Then  we  have  the  separation  of  the  precession  from  the  nutation  if  the  observational 
materials  are  accumulated  at  least  for  a  score  of  years  or  more. 

Note  that  the  present  situation,  on  the  contrary,  is  not  sufficient.  Note  that  it  has 
a  merit  to  separate  precession  from  nutation,  because  the  processional  motion  is 
considered  as  if  the  earth  is  solid,  while  the  amplitude  ratio  of  the  deformable  earth 
to  the  solid  earth  for  a  nutation  component  depends  on  its  period  [  See  A  1988, 
section  5.]  Thus  the  theoretical  nutation  amplitude  can  be  easily  treated,  if  each 
component  of  the  nutation  is  separated  from  the  precession. 
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It  is  not  yet  accomplished  so  fat,  however,  to  separate  the  precession  from  the 
nutation  in  the  VLBI  observations  at  the  mas  level  because  sufficient  data  are  not 
yet  available  only  from  the  decade  observations.  It  needs  at  least  18.6  years  to 
separate  fully  the  precession  from  the  nutation  component  associated  with  the  nodal 
motion  of  the  moon,  in  such  a  degree  that  this  is  comparable  with  the  highest  order 
of  magnitude  for  the  accuracy  presently  obtained. 

(v)  And  then  we  can  test  whether  the  quasar  system  is  connected  to  the  dynamical 
system  expressed  in  the  relativistic  theory  discussed  in  Recommendation  Gl. 

As  was  discussed  in  A  1990,  Appendix  A,  we  do  not  know  so  far  that  the  extragalac- 
tic  system  represented  by  quasar  system  is  rotation-free  or  not,  because  this  is  given 
only  kinematically.  We  should  have  a  test  by  the  dynamical  system,  namely,  by  tlie 
natural  coordinate  system.  (  I  still  oppose  the  expression  “ideally  quasi-inertial". 
because  this  is  very  misleading.  ]  We  know  that  the  optically  observed  data  are 
not  sufficiently  accurate,  but  we  may  expect  radio  observations  of  millisecond  pul¬ 
sars  and/or  artificial  proves  traveling  through  the  solar  system  with  much  accuracy 
within  a  decade  or  so  [  as  was  discussed  in  a  letter  by  Williams  to  K,  February  1). 
This  does  not  mean,  however,  that  the  terrestrial  optical  observations  are  obsolete, 
because  the  optical  observations  have  their  own  long  history  and  the  separation 
of  precession  from  the  proper  motion  system  of  the  galactic  objects  has  been  made 
using  the  optical  observations.  We  have  to  do,  therefore,  many  works  such  as  coordi¬ 
nating  radio  sources  within  the  FK5  system  before  we  could  construct  the  reference 
frame. 

Note  that  the  precession  of  order  0.”1  /  century  is  not  yet  known  even  from  the 
VLBI  observations.  Moreover,  the  quasar  observations  are  not  all  the  observations 
in  the  field  of  astrometry.  We  should  take  also  care  of  the  optical  observations  hith¬ 
erto  obtained  and  to  be  observed  in  future.  Also  we  should  keep  in  mind  that  the 
FK5,  e.g.,  has  much  more  objects  in  number  thcan  those  of  the  quasar  system  so  that 
we  can  coordinate  easily  the  other  objects  referred  to  the  former  catalogue.  With¬ 
out  such  a  catalogue,  we  cannot  compare  the  positions  directly  with  quasar  system 
because  the  quasars  generally  have  only  their  very  weak  optical  counterparts  so  as 
to  be  observable  for  comparison. 

(vi)  Finally  when  all  these  steps  would  have  been  well  done,  then  we  could  know  whether 
the  quasar  system  is  really  rotating  or  not. 

I  have  heard,  however,  from  Ma  that  it  would  lake  quite  a  lot  time  if  we  want 
to  compile  and  to  combine  all  the  material  such  as  of  Crustal  Dynamical  Project 
(CDP),  International  Radio  Interferometry  Survey  (IRIS)  and  Deep  Space  Network 
(DSN)  obtained  from  the  different  networks  and  different  purposes,  although  the 
techniques  used  in  the  VLBI  observations  are  almost  the  same.  What  we  should  do 
right  now  is,  however,  to  reduce  the  quasar  positions  to  J2000.0  by  using  the  adopted 
precession  and  the  adopted  nutation  series  mntatis  mvtandis  [  with  alternations  if 
necessary  ]  for  the  short  periods  given  by  the  above  analysis,  'Fhe  reduced  ijositions 
thus  obtained  can  be  at  least  free  from  the  uncertainty  of  the  nutation  series  of 
period  one  year  or  less,  and  could  represent  a  common  catalogue. 
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Note,  however,  that  the  reference  frame  is  dependent  on  the  adopted  precession  and 
adopted  nutation  series  at  the  highest  degree  of  accuracy,  because  we  do  not  know 
the  exact  precession  nor  nutation  series  beyond  the  observation  accuracy  of  its  date. 
[  See,  for  detail,  A  1988,  section  6.]  This  implies  that  the  reduced  positions  to  a 
fundamental  epoch  are  not  nece.ssarily  constant  but  are  subject  to  a  proper  motion 
referred  to  the  adopted  precession  constant.  This  situation  could  not  be  avoided  at 
any  historical  dates  and  will  not  be  able  to  be  altered  for  the  future,  as  long  as  we 
observe  celestial  objects  from  the  surface  of  the  earth,  because  the  precession  and 
the  nutation  are  not  given  a  priori  but  they  should  be  given  from  the  observations 
depending  on  the  orientation  of  the  earth. 

It  should  not  be  considered  it  as  a  degrade  to  use  the  precession  and  nutation.  Also 
one  should  not  be  reluctant  by  the  degrade  (uncertainly)  limited  by  the  adopted  pre¬ 
cession  and  nutation  series,  but  one  should  determine  them  by  observations  them¬ 
selves,  because  the  terrestrial  observations  anyhow  depend  on  the  precession  and 
nutation. 

Unless  these  steps  are  taken,  I  think  v/e  cannot  have  a  unique  or  the  unified  celestial 
reference  system  proposed  up  to  the  mas  level  acceptable  among  those  who  have  interest  in 
the  present  issue.  Make  haste  slowly! 

5.  Recommendation  on  the  Relation  between  the  Tentative  (Conventional) 
Terrestrial  and  Celestial  Reference  Coordinate  Systems 

5.1.  PROPOSAL 


considering 

the  present  situation  of  the  realized  celestial  reference  coordinated  systems, 
recommends 

that  the  relation  between  the  (spatial)  terrestrial  reference  system  mentioned  in  Recom¬ 
mendation  G2  and  the  presently  realized  (spatial)  celestial  reference  system  be  given  by 


[TRS]  =  WR3{^)NP[CRS].  (2) 

The  mathematical  symbols  employed  here  denote  as  follows:  [TRS]  and  [CRS]  ;ue  tlie 
vector  representations  of  the  spatial  terrestrial  and  celestial  coordinate  system.s  (in  llirei- 
dimension),  respectively; 

W,  N  and  Pare  the  wobble,  nutation  and  precession  matrices  given,  respectively,  by 

W  =  R:ii-Xp)Ri{-yp),  (3) 

N  =  Pi(-e^  -  Ae)P3(-AV')Pi(€/j),  (1) 


and 
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P  =  R3{-ZA)R2{0A)RAi-(A),  (5) 

where  Xp  and  j/p  are  tlie  terrestrial  polar  coordinates  in  the  left  hand  coordinate  sys¬ 
tem  usually  employed,  Ac  and  Aip  are  the  nutation  series  given  in  Seidelmann  1982,  and 
f/ii  0j4,and  are  the  components  of  the  precession  quantities  given  by  Lieske  et  al. 
1977,  together  with  the  rotation  matrix  Ri  being  defined  as 

^  1  0  0  \ 

=  0  cos  I  sin  2:  (6) 

^0  -sin I  cosx  ^ 

for  any  dummy  angle  x,  and  the  other  matrices  being  obtained  by  cyclic  permutations  of 
the  coordinates;  and  ^  is  the  true  Greenwhich  Sidereal  Time  defined  by 

^i  =  GMST-l-(Ag)per,  (7) 

where  GMST  is  the  Greenwich  Mean  Sidereal  Time,  which  has  a  relation  with  the  UTl, 
given  in  Aoki  et  al.  1982  and  endorsed  by  the  18th  GA  of  lAU  (  Resolution  C5  ),and  (Ag)pcr 
is  the  equation  of  equinoxes  in  wider  sense  and  given  by 

(Ag)pfr  =  At/»cose  -l-0.”00264sinf2,jL+0”000063sin2Q^,  (8) 

with  QfL  being  the  mean  longitude  of  the  lunar  node. 

5.2.  COMMENTS 

5.2.1  Where  Should  the  So-called  Non-Rotating  Origin  (NRO)  be  Discussed?  Objection 
against  the  transfer  of  discussion  introducing  the  so-called  NRO  to  the  lERS.  It  is  quite 
curious  and  ironical  that  Capitaine  and  myself  have  a  common  opinion  that  it  is  the  task  of 
the  subgroup,  as  was  discussed  by  Capitaine,  notwithstanding  our  opinions  on  the  problem 
itself  may  be  quite  different  from  each  other. 

5.2.2  Demerits  of  NRO.  According  to  my  opinion,  the  so-called  NRO  has  demerits  as 
follows: 

(i)  This  Origin  is  only  locally  inertial  (  namely  as  far  as  the  rotation  of  the  earth  is 
concerned)  but  moves  with  respect  to  space  even  to  the  right  ascension  direction, 
against  its  naming,  and  is  very  misleading:  For  example,  we  can  easily  know  that 
after  a  complete  revolution  of  the  precessional  motion  (26,000  years),  the  right 
ascension  (RA)  of  the  NRO  increases  by  an  amount  360“  cos  6,  while  an  object  at 
the  equinox  at  the  beginning  will  recover  the  same  RA  or  increase  360“  after  the 
same  period,  so  that  the  NRO  moves  360“(cos{  -  1)  with  respect  to  space  in  this 
period.  In  order  to  make  clear  this  fact,  1  prefer  the  departure  point  (  or  the  local 
inertial  direction)  on  the  moving  equator,  to  the  NRO,  as  the  naming,  according 
as  the  usage  of  celestial  mechanics.  In  case  of  the  nutational  motion  of  18.6  years, 
this  amount  is  estimated  to  be  -0.72  mas  per  period,  which  is  not  negligible  for 
accurate  determination  of  the  sources.  Besides,  we  have  the  periodic  motion  given 
by  the  last  two  terms  of  the  right  hand  side  of  eq.(8).  See  also  A  1989. 
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This  phenomenon  can  be  explained  i.iathematically  from  the  fact:  a  direction  on  a 
tangential  plane  to  a  sphere  of  the  unit  length  cannot  keep  its  original  direction  when 
the  plane  contacts  without  sliding  and  local  rotation  around  the  contact  point  and 
returns  to  the  the  starting  point  of  contact.  The  change  or  difference  of  the  direction 
during  this  route  is  equal  to  the  area  described  by  the  normal  of  the  tangential  plane 
on  the  unit  sphere.  In  other  words,  the  tangential  plane  is  only  local  and  does  not 
represent  the  direction  in  the  original  space. 

(ii)  The  difference  between  usual  RA  and  the  instantaneous  ascension  (lA,  which  is 
the  RA  direction  coordinate  referred  to  NRO,  according  to  Guinot[1979]’s  naming, 
although  I  dislike  this  naming  ),  is  nothing  but  the  RA  of  the  NRO  and  is  completely 
calculatable,  if  one  adopts  a  precession  constant.  In  this  meaning,  the  choice  of  two 
ascensions  does  not  make  any  difference  mathematically  and  has  no  merit.  [See 
Aoki,  S.  and  H.  Kinoshita  1983.] 

(iii)  Moreover,  the  fixing  the  coordinates  at  the  beginning  and  the  continual  prolongating 
the  position  of  the  NRO  by  integration,  which  CGS  (1986)  intend,  has  a  demerit, 
because  we  cannot  have  any  recovering  procedure  when  once  we  have  committed 
errors  which  would  be  serious  at  later  times,  however  they  might  be  slight  at  the 
standards  of  the  beginning,  if  we  do  not  have  a  room  for  adjustment  procedures 
such  as  the  equinox  correction.  To  abandon  such  a  degree  of  freedom  for  adjustment 
procedures  is,  I  think,  to  loose  the  relation  to  the  fiducial  point  at  the  beginning. 


5.2.3  Equinox  Correction.  Incidentally,  it  should  be  noted  that  the  neglection  of  the 
equinox  correction  A  E  (or  the  correction  to  the  fiducial  point  )  already  takes  place  in  the 
formulation  given  in  lERS  Annual  Report,  for  the  year  1988.  Correctly,  the  fourth  line  of 
equation  (3)  should  read 

AdV’  =  A2/sine  =  -(A3  -  A  E)/ cose 

(with  the  signs  taken  in  ERRATUM),  instead  of  Ad^  =  A2/sine  =  -A3/cose,  since  the 
difference  A3  in  orientation  can  be  interpreted  as  to  include  generally  the  difference  of  RA 
of  the  fiducial  points  in  comparing  catalogues  not  only  the  difference  in  the  offsets  implicitly 
taken  in  precession  and  nutation.  A  similar  error  is  found  in  Arias’  letter  to  K,  October 
26,  1989.  If  this  or  similar  erroneous  formulations  are  widely  spread,  the  influence  is  very 
serious. 

5.2.4  Current  System.  Anyhow,  my  recommendation  stated  above  is  a  confirmation  of  the 
currently  adopted  or  to  be  adopted  with  a  slight  but  important  modification  [  see  section 

5.2.5  ]  from  my  stand-point. 

Now,  the  expressions  adopted  here  are  taken  from  those  given  in  Aoki,  S  and  H.  Ki¬ 
noshita  1983,  and  A  1988,  except  for  the  notations. 

5.2.5  Amelioration.  An  important  amelioration  of  the  relation  between  the  Greenwich 
True  and  the  Greenwich  Mean  Sidereal  Time  adopted  here  is  an  introduction  of  “the  equa¬ 
tion  of  equinoxes  in  wider  sense”  which  differs  from  “the  equcation  of  equinoxes  =  A^f'cose” 
currently  adopted,  by  the  amount  coming  from  the  last  two  terms  of  the  right  hand  side 
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of  eq.(8).  The  terms  with  similar  numerical  coefficients  were  discussed  by  Woolard  (1953), 
but  the  astronomical  circle  has  not  yet  formally  adopted  these  terms. 

As  for  the  lij^ht  deflection  and  aberration  due  to  the  relativistic  effect  through  the  gravi¬ 
tational  field  of  the  solar  system,  which  is  not  discussed  here,  see  lERS  (or  Merit)  Standards. 
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THE  ORGANIZATION  OF  SPACE:  FRAMES,  SYSTEMS  AND  STANDARDS 
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France 


ABSTRACT.  The  term  “frame  of  reference”  or  “reference  frame”  has  long  been  establisheJ  in 
physics.  The  recent  emergence  of  the  use  of  this  very  term  in  astronomy  to  denote  “a  catalogue 
of  the  adopted  coordinates  of  reference  points  that  serves  to  define,  or  realize,  a  particular 
coordinate  frame”  is  misleading  because  “a  catalogue  of  adopted  coordinates”  must  necessarily 
consists  of  estimates  which  cannot  uniquely  define  a  coordinate  system. 

Physical  events  happen  in  space-time  and  their  complete  description  requires  the  assignment 
of  spatial  coordinates  and  epochs.  Tliis  self-evident  fact  has  led  physicists  and  astronomers  to 
consider  certain  relevant  concepts  and  to  agree  on  names  for  them.  It  can  be  argued  that 
astronomy  and  physics  are  two  branches  of  the  same  science;  their  concerns  intersect  often, 
perhaps  more  often  than  those  of  any  other  two  sciences,  and  one  would  therefore  expect  that 
astronomers  and  physicists  call  the  same  entities  by  the  same  names.  It  will  lead  to  confusion  if 
a  particular  name,  preempted  in  one  of  the  disciplines  for  one  concept  is  used  in  the  other  for  a 
different  concept,  especially  since  contemporary  physicists  frequently  work  on  astronomical 
problems  and  vice  versa.  Such  a  practice  discourages  graduate  students  from  choosing 
astronomy  and  especially  astrometry  as  a  field  of  specialization. 

At  the  beginning  of  this  century  the  advent  of  the  theory  of  relativity  opened  a  discussion  of 
space-time  and  the  various  systems  used  to  assign  coordinates  to  points  in  space-time.  The  term 
“inertial  frame  of  reference”  emerged  for  those  spaces  in  which  Newton’s  first  postulate  and 
third  law  of  motion  are  valid.  This  is  the  set  of  spaces  (with  certain  properties)  in  which  certain 
events  take  place  and  this  does  not  imply  that  these  spaces  must  be  organized  by  any  one 
particular  coordinate  system.  It  is,  in  fact,  well  known  that  there  is  no  particular  inertial  system 
of  coordinates  which  is  privileged,  but  that  all  coordinate  systems  whose  axes  do  not  rotate  with 
respect  to  any  of  the  others  but  whose  origins  move  uniformly  with  respect  to  each  other  can  be 
used  to  organize  the  same  inertial  frame  of  reference.  The  understanding  of  the  community  of 
physical  scientists  is  well  expressed  by  C.  A.  Murray  (1989):  “...a  ‘reference  frame’  is  a  physical 
entity,  independent  of  its  numerical  realization,  just  as  a  vector  or  tensor  is  a  physical  entity 
independent  of  any  triad  (or  tetrad)  by  which  it  is  described.  Thus  we  have  reference  frames 
defined  by  the  solar  system,  the  stars  in  our  galaxy  and  distant  matter  such  as  quasars.  Nearer 
home,  we  have  the  terrestrial  reference  frame  and  also  local  inertial  frames  of  different 
observers.  These  are  in  accordance  with  the  usual  terminology  of  physics  in  which  ‘frames’  do 
not  necessarily  imply  specific  coordinates...”  litis  passage  states  how  the  term  “frame”  or  “frame 
of  reference”  has  been  used  in  physics  for  almost  a  century,  and  this  is  how  it  should  be 

'  On  leave  from  the  Department  of  Astronomy,  University  of  Florida,  Gainesville,  FL  3261 1 
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inteipreted  in  astrononiy,  especially  since  many  who  are  now  astronomers  received  their  formal 
training  as  physicists.  Unfortunately,  a  movement  has  recently  emerged  to  use  this  term  in  a 
different  sense  (cf.  Kovalevsky  and  Mueller  1989). 

In  order  to  operate  within  a  particular  reference  frame,  it  must  be  organized,  which  means 
that  a  system  of  coordinates  must  have  been  defined  which  is  in  a  known  (not  necessarily  flxed) 
relationship  with  the  frame  and  allows  one  to  assign  coordinates,  that  is  numbers  which 
characterize  the  locations  of  speciHc  points  within  the  reference  frame.  In  order  to  minimize  the 
necessity  for  Sequent  revisions,  this  assignment  should  preferably  be  conceptual  (Eichhom 
1983),  that  is,  ba^  on  some  physical  (or  geometric)  concept  which  dictates  and  determines 
unambiguously  the  choice  of  the  coordinate  axes.  These  axes  determine  what  has  been  called  a 
“coordinate  system"  or  a  “system".  The  coordinate  systems  in  kinematic  astronomy  are 
examples:  The  H  (horizon)  system  at  a  particular  point  of  the  Earth’s  surface  has  its  z-axis 
pointing  in  the  direction  opposite  to  that  of  the  vector  of  gravitation  at  this  point,  and  the  y-axis 
points  in  the  direction  of  the  vector  (O  x  k,  where  k  is  a  vector  along  the  z-axis  and  CD  is  a  vector 
m  the  direction  of  the  Earth’s  axis,^  The  Qj-system,  the  true  equatorial  system  as  we 
understand  it  at  this  time,  is  defined  purely  conventionally:  Let  nj;  be  a  vector  normal  to  the 
ecliptic  -  a  prime  example  for  a  conventionally  defined  entity  -  pointing  toward  its  northpole,  and 
Jirt  a  vector  pointing  toward  the  CEP,  that  is,  the  ccHiventional  celestial  ephemeris  pole.  The  x- 
aws  of  Qt  is  parallel  to  nn  x  n£.  Note  that  tte  nonrigidity  of  the  Earth  would  (or  could)  render 
the  CD  which  belongs  to  a  particular  volume  element  of  the  Earth  different  from  one  place  on  the 
Earth  to  the  next  (even  though  ever  so  slightly  and  at  this  time  immeasurably  little)  if  O)  were  in 
the  direction  of  the  axis  of  any  volume  element’s  instantaneous  rotation.  This  potential 
dependence  of  (o  on  the  location  of  the  observer  is  avoided  by  the  introduction  of  the  CEP, 
whose  direction,  by  definition,  cannot  depend  on  the  observer’s  position  on  thw  Earth’s  surface. 

The  term  “system”  has  been  used  in  astronomy  for  rigorously  defined  constructs  which 
organize  (the  space-like  components  of)  frames  of  reference.  These  definitions  may  also  involve 
the  fixing  of  the  time  dependence  of  the  system  with  respect  to  the  frame;  note,  for  example,  that 
the  time  dependence  of  Qj  with  respect  to  an  inertial  frame  is  fixed  by  the  theories  of  precession 
and  of  nutation,  including  the  numerical  parameters  in  these  theories. 

Once  such  a  system  has  been  defined,  it  becomes  possible  to  estimate  the  coordinates  of 
points^  with  respect  to  the  system  itself  and  thus  with  respect  to  the  frame  which  the  system 
organizes.  If  this  is  done  for  a  representative  sample  of  points,  such  as  the  stars  in  the  FKS,  we 
obtain  what  astronomers  in  the  past  have  -  somewhat  loosely  -  also  called  a  system,  or  perhaps 
more  specifically  a  “system  of  standards”  or  a  “reference  system”.  The  most  accurate  and  self- 
explanatory  description  of  such  an  entity  would  be  “Estimated  System”  (Owen  1990).  Even 
though  the  statement  is  trivial  that  no  system  of  standards  (or  estimated  system)  can  consist  of 
the  actual  coordinates  of  the  points  in  the  system  it  represents,  astronomers  are  making 
statements  such  as  “catalogue  X  is  ‘on  the  system’  of  the  FK5".  The  rather  recent  suggestion  by 
Kovalevsky  and  Mueller  (1989)  to  use  the  term  “frame  of  reference”  or  “reference  frame”  for 
such  sets  of  coordinate  estimates  has  been  followed  by  quite  a  number  of  investigators. 

This  paper  suggests  that  we  abandon  this  practice  for  two  reasons:  one  merely  historical  but 
the  other  more  substantive.  We  have  already  stated  the  historical  reason:  the  term  “frame  of 
reference”,  which  emerged  in  the  connotation  suggested  by  Kovalevsky  and  Mueller  only 
recently  in  fundamental  astronomy,  has  long  been  preempted  for  a  different  concept  in  physics,  a 

^Aftcr  the  adoption  of  the  CEP  (celestial  ephemeris  pole),  this  is  no  longer  conceptually  defined,  because  the 
CEP  itself  is  conventionally  defined.  A  conceptual  definition  would  require  that  (O  itself  be  conceptually  defined, 
either  as  the  direction  of  the  instantaneous  axis  of  rotation  of  the  observer's  element  of  the  Earth’s  surface  or  the 
(physically  uniquely  defined)  principal  axis  of  inertia. 

%ithout  restricting  generality,  we  can  restrict  o...  considerations  to  points  rather  than  to  extended  bodies 
which  may,  after  all,  themselves  be  regarded  as  sets  of  points. 
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very  closely  related  discipline;  its  parallel  and  simultaneous  use  for  a  totally  different  concept  in 
astronomy  cannot  but  lead  to  confusion  and  will  discourage  some  young  scientists  at  the 
beginning  of  their  career  from  entering  a  field  where  such  confusion  reigns. 

The  second,  substantive  reason  is  that  there  cannot  be  an  unambiguous  or  rigorous  relation¬ 
ship  between  a  system  of  standards  and  its  target  system,  that  is,  the  coordinate  system  it  is 
intended  to  represent.  This  was  pointed  out  by  Eichhom  (1982).  The  values  which  constitute  a 
(system  oO  standard(s)  are  the  results  of  measurements  and  therefore  affected  by  unknown 
errors.  These  errors  arc  not  only  accidental  (having  their  origin  in  the  random  errors  of  the 
relevant  measurements)  but  unavoidably  also  systematic.  The  reason  for  this  is  that  the  process 
of  estimating  the  values  which  constitute  the  (system  oO  standard(s)  also  involved  the  estimation 
of  certain  parameters,  each  of  which  was  used  in  the  calculation  of  at  least  some  groups  of 
standard  values.  Only  parameter  estimates  and  not  the  parameters  themselves  arc  available  for 
the  calculation  of  the  values  which  make  up  the  standard.  These  estimates  will  therefore  deviate 
systentatically  from  those  quantities  which  they  arc  intended  to  estimate  as  a  consequence  of  the 
(unknown  and  unknowable)  differences  between  the  actual  values  of  the  parameters  and  their 
estimates.  This  unavoidable  parameter  variance  (cf.  Eichhom  and  Williams  1963)  is  present 
even  in  the  absence  of  noticeable  systematic  trends  in  the  adjustment  residuals  (Eichhom  and 
Cole  1985),  It  is  thus  impossible  to  establish  empirically  a  bias-free  set  of  estimates  of  the 
coordinates  of  any  sets  of  objects  with  respect  to  any  given  system;  all  we  can  hope  to  achieve,  is 
to  establish  a  standard  which  contains  estimates  whose  systematic  and  random  errors  arc  small, 
at  least  below  whatever  upper  limit  is  imposed  by  the  nature  of  the  task  toward  which  they  arc  to 
be  used. 

Let  it  be  further  emphasized  that  the  use  of  a  standard  as  reference  for  the  computation  of 
coordinates  in  the  system,  from  measurements  on  objects  whose  coordinates  are  not  part  of  the 
standard,  cannot  yield  coordinates  of  the  nonstandard  objects  whose  systematic  errors  against  the 
target  system  are  identical  to  those  of  the  standard  in  the  domain  covered  by  standard  as  well  as 
nonstandard  values.  The  reason  (cf.  Eichhom  1982)  is  again  the  parameter  variance:  the 
differences  between  the  actual  values  of  the  parameters  involved  in  the  reduction  and  their 
estimates  will  cause  systematic  differences  of  the  secondary  standard  values  against  the  primary 
reference  standard.  This  means,  for  example,  that  there  is  no  finite  operation  by  which  one  could 
reduce  an  independent  catalogue  "to  the  system  of  the  FK5”.  The  end/product  of  any  operation 
undertaken  toward  this  purpose  will  always  be  a  set  of  position  estimates  whose  systematic 
errors  are  different  from  those  of  the  FK5  (cf.  Cole  1988),  Even  worse:  different  investigators, 
making  different  judgements  about  reduction  models  and  reduction  methods  will,  from  the  same 
set  of  measurements  on  the  same  objects,  arrive  at  different  sets  of  estimates  for  what  are 
physically  the  same  values,  all  claiming  to  have  achieved  a  reduction  onto  the  FK5  system. 
There  will  obviously  be  systematic  differences  as  well  between  the  results  of  these  different 
reductions.  Yet  how  can  sets  of  estimates,  all  intended  to  estimate  the  identical  target  quantities, 
be  “on  the  same  system”  if  there  are  systematic  differences  between  them? 

The  incongruities  inherent  in  the  statement  that  a  set  of  estimated  positions  can  define  a 
coordinate  system  is  further  illustrated  by  the  following  considerations:  both  polar  coordinates  of 
any  object  and  one  of  the  polar  coordinates  of  a  second  object  will  fix  the  coordinate  system  to 
which  these  objects’  coordinates  are  referred.  .Any  combination  of  three  coordinates  will  fix  the 
system,  and  one  can  determine  as  many  different  systems  found  as  combinations  of  coordinates 
can  be  put  together,  because  all  estimated  coordinates  are  affected  by  unknown  errors,  random  as 
well  as  systematic.  One  would  have  to  agree  on  an  unambiguous  procedure  to  get  “the"  system 
by  somehow  averaging  all  these  slightly  different  systems.  One  can  sec  that  the  possible 
ambiguities  of  the  mode  of  averaging  and  the  questions  concerning  systematic  errors  make  the 
definition  of  coordinate  system  by  a  set  of  coordinate  estimates  with  respect  to  it  unpracticable. 

In  view  of  the  fact  that  each  realization  of  a  system  is  of  necessity  of  a  stochastic  nature,  we 
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propose  any  of  the  terms  “standard”,  “standard  system”,  “realized  system”  or  “estimated  system" 
instead  of  the  misleading  term  “frame  of  reference”,  which  connotes  solidity  and  firmness, 
properties  which  are  conspicuously  absent  from  these  standards. 

“Quasi-inertial”  is  another  term  suggested  by  Kovalevsky  and  Mueller  which  deserves  some 
comment.  What  they  mean  by  this  phrase  has  been  known  among  relativists  as  a  “local  inertial 
system”  and,  as  in  the  case  of  “frame”,  there  is  no  conspicuous  reason  why  long  established 
terminology  ought  to  be  changed.  One  hears  and  reads,  however,  the  term  “quasi-inertial”,  now 
with  a  different  meaning,  also  applied  to  entities  such  as  the  FK5.  This  is  because  the  FK5 
represents  the  best  effort  to  date  by  the  community  of  astrometrists  to  approximate,  empirically, 
an  inertial  system  in  terms  of  star  positions.  A  much  more  precise  and  accurate  standard  for  the 
realization  of  an  inertial  reference  frame  is  available  in  terms  of  the  ephemerides  of  selected 
bodies  in  the  solar  system,  cf.  Williams  and  Standish  (1989).  For  reasons  already  mentioned 
above,  the  positions  in  the  FKS  (and  all  its  not  yet  constructed  successors  and  substitutes)  show 
random  and  systematic  differences  against  a  true  inertial  system.  The  prefix  “quasi-”,  when  used 
in  the  literature,  always  had  a  clear  and  weli  defined  meaning  (cf.  “quasiperiodic  function”).  We 
ought  to  respect  this  tradition  and  avoid  the  term  “quasi-inertial”  altogether.  Instead,  we  should 
use  the  e.stablished  terms  “local  inertial  system”  or  “local  inertial  reference  frame”  when  we 
mean  these  entities  and  characterize  the  property  of,  e.g.,  the  FKS,  the  dynamical  standard  DE 
200  or  the  contemplated  galactic  reference  standard  as  “nearly  inertial”,  which  seems  to  convey 
the  nature  of  these  standards  more  clearly  than  the  ambiguous  “quasi-inertial”. 
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PERMANENT  MILLIARCSECOND  LINK 

OF  CELESTIAL  AND  TERRESTRIAL  REFERENCE  SYSTEMS 

M.  Feissel  (Observatoiit  de  Paris,  Central  Bureau  of  lERS) 

ABSTRACT.  The  celestial  reference  system  and  the  terrestial  reference  system  of  the 
International  Earth  Rotation  Service  G^RS)  ^  realized  on  the  basis  of  observation  programs  in 
Very  Long  Baseline  radio  Interferometry  and  laser  ranging  to  the  Moon  and  artificial  satellites. 
The  celestial  frame  is  materialized  by  the  equatorial  coo^inates  of  radio  sources  observed  in 
VLBI;  the  terrestrial  frame  is  materialized  by  the  cartesian  coordinates  of  the  terrestrial  sites 
monitored  by  the  three  techniques.  Series  of  the  Earth  Orientation  Parameters  are  derived  from 
the  same  obrervations.  These  series  provide  a  permanent  link  between  the  celestial  system  and 
the  terrestrial  system  at  the  level  of  0.001". 

The  glot^  adjustment  in  which  the  reference  systems  are  defined  and  realized  is  described, 
and  the  metrological  properties  of  the  frames  and  of  the  derived  EOP  are  evaluated. 


1.  Introduction 

In  1985,  when  lAU  decided  to  create  the  new  International  Earth  Rotation  Service  and 
endorsed  the  recommendations  of  the  MERIT  Working  Group  (Wilkins  and  Mueller, 
1986),  it  was  recognized  that  the  accurate  determination  of  the  Ea^'s  orientation  makes 
it  necessary  that  the  appropriate  terrestrial  and  celestial  frames  be  monitored  in  a 
consistent  fashion  with  the  series  of  Earth  Orientation  Parameters  (EOP). 

The  operation  of  lERS  is  based  on  observation  and  analysis  by  space  geodesy 
techniques:  VLBI,  Lunar  Laser  Ranging  (LLR),  Satellite  Laser  Ranging  (SLR);  the 
colocation  of  some  of  the  stations  in  common  terrestrial  sites  allows  the  setting  up  of  a 
terrestrial  reference  frame  by  combining  into  a  common  system  the  coordinates  estimated 
from  the  various  techniques  of  observation.  The  celestial  reference  frame  is  established 
on  the  extragalactic  compact  radio  sources  observed  in  the  VLBI  programs  participating 
to  lERS.  Tlie  EOP  are  those  angles  which  describe  the  orientation  of  the  Celestial 

Ephemeris  Pole  in  the  terrestrial  system  and  in  the  celestial  system  (x,  y;  d\]/,  d£),  and  the 
orientation  angle  of  the  Earth  around  this  axis  (UTl-TAl),  as  a  function  of  time.  The 
time  series  of  the  EOP  thus  provides  a  permanent  tie  between  the  lERS  Terrestrial 
Reference  Frame  and  the  lERS  Celestial  Reference  Frame.  The  accuracy  of  this  link  can 
be  evaluated  by  considering  various  aspects:  the  stability  of  the  two  realized  reference 
systems,  the  stability  of  the  EOP  evaluations,  and  their  consistency  with  the  reference 
frames. 

2.  The  observations  and  their  analysis 

The  observations  are  organized  in  networks,  which  have  some  sites  in  common.  Table  1 
summarizes  the  contribution  of  the  various  techniques  to  the  three  objectives  of  lERS. 
Although  GPS  observations  are  planned  to  be  incorportated  in  lERS  only  after  1991, 
their  expected  performances  are  listed  for  reference. 
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Table  1.  Participation  of  the  various  techniques  to  lERS  objectives.  Numbers  of 
fiducial  points  are  given  in  the  case  of  rcferen<'e  frames;  in  the  EOF  columns,  the 
number  of  *  reflects  a  compound  of  the  precision,  accuracy  and  density  of 
measurements. 


Observed 

objects 

Teebnique 

Terrestrial 

fiame 

stations 

Celestial 

fiante 

sources 

Earth  Orientation 
celest  terresL 

pole  pole  UT 

Extragalactic 
radio  sources 

VLBI 

3-40 

50-250 

*** 

Lunar 

reflectors 

LLR 

3-5 

^un.eph) 

**1 

** 

GPS 

radio  signals 
front  stellites 

20-200 

(Sateph) 

* 

Satellite 

reflectors 

SLR 

40-100 

(Sateph) 

*** 

** 

Analysis  centres  specialized  in  the  various  techniques  analyse  the  observations  and 
subnut  to  the  Cen<jd  Bureau  of  lERS  sets  of  results  comprising  a  terrestrial  frame  (set  of 
station  coordinates)  and  the  corresponding  time  series  of  the  EOF  over  several  years.  In 
the  case  of  VLBI,  the  celestial  frames  are  also  submitted,  under  the  form  of  sets  of 
estimated  equatorial  coordinates  of  extragalactic  radio  sources.  A  selection  of  these 
ensembles  of  results  is  combined  in  order  to  derive  realizations  of  the  BERS  terrestrial  and 
celestial  systems  and  time  series  of  EOF,  following  the  concepts  developped  by  Boucher 
etal  (1988). 

The  mutual  consistency  of  the  frames  and  EOF  series  was  set  originally  at  the  end 
of  the  first  year  of  operation  of  lERS,  and  the  results  were  published  in  the  Annual 
Report  for  1988.  The  system  was  initialized  under  the  form  of  the  terrestrial  and  the 
celestial  system.  The  series  of  EOF  was  attached  to  them  by  deriving,  from  the  rotation 
angles  of  individual  frames  with  respect  to  the  lERS  ones,  biases  for  the  corresponding 
time  series  of  EOF  (see  Section  5);  the  series  could  then  be  combined  into  a 
homogeneous  one.  This  global  analysis  is  made  possible  by  the  high  degree  of 
consistency  in  the  astronomical  and  geophysical  modelling  used  by  the  various  analysis 
centres  which  participate  in  it,  in  particular  through  the  reference  to  the  lERS  Standards 
(McCarthy,  1989). 

3.  The  lERS  Teircstrial  Reference  System 

The  principles  on  which  the  lERS  Terrestrial  Reference  System  is  established  and 
maintained  are  described  by  Boucher  and  Altamimi  (1990a). 

It  is  geocentric,  the  centre  of  mass  being  defined  for  the  whole  Earth,  including 
oceans  and  atmosphere.  Only  observations  which  can  be  modelled  by  dynamical 
techniques  (presently  SLR  and  LLR  for  lERS)  can  determine  the  center  of  mass.  The 
VLBI  results  can  be  referred  to  a  geocentric  system  by  adopting  for  a  station  its 
geocentric  position  at  a  reference  epoch  as  provided  from  external  information. 

The  unit  of  length  is  the  metre  (SI).  The  scale  is  that  of  a  local  Earth  frame,  in  the 
sense  of  a  relativistic  theory  of  gravitation.  It  is  obtained  by  appropriate  relativistic 
modelling,  particularly  for  \nL.BI  and  LLR  which  are  usually  modelled  in  a  barycentric 
frame. 
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The  directions  of  axes  are  consistent  with  those  of  the  previous  conventional 
terrestrial  reference  frame  (CIO/BIK  pole  and  BIH  origin  of  longitudes)  within  the 
uncerudnty  of  tlu;  latter. 

As  new  site  coordinates  become  available,  as  new  observing  techniques  provide 
terrestrial  frames,  or  as  improved  modelling  is  developped,  new  realizations  of  the  frame 
are  constructed.  To  insure  the  constancy  of  the  direction  of  axes  relative  to  the  Earth's 
crust,  appropriate  treatment  for  the  internal  consistency  of  the  site  positions  and  motions 
is  appli^.  Then  the  axes  of  the  new  frame  are  rotated  to  those  of  the  preceding 
realization.  Through  this  procedure,  the  frame  is  constantly  improved  and  extended, 
while  all  successive  realizations  ^ve  access  to  the  same  conventional  system.  Checks  on 

the  successive  versions  indicate  that  the  constancy  of  axes  direcdons  is  insured  within  ± 
0.0005". 

The  tenestrial  reference  system  is  made  available  by  the  site  coordinates  (1 19  in  the 
1990  realizadon,  see  Boucher  and  Altamimi,  1990b),  or  by  the  transformadon  parameters 
of  individual  terrestrial  frames  reladve  to  the  lERS  ones.  As  an  example,  the  lERS 
Annual  Report  for  1989  gives  this  informadon  for  18  different  terrestrial  frames.  The 
system  is  used  as  a  common  reference  in  worldwide  applicadons,  such  as  dme  transfer 
by  satellite  links  or  the  connecdon  of  dde  gauges  for  the  study  of  mean  sea  level. 

4.  The  lERS  Celestial  Reference  System 

The  definidon  of  die  lERS  celesdal  reference  system  and  the  maintenance  process  of  the 
associated  frame  are  similar  to  those  of  the  tenestrial  system  and  frame. 

The  lERS  Celesdal  Reference  Frame  (ICRF)  is  established  at  the  Central  Bureau  of 
lERS  on  the  basis  of  extragalacdc  reference  fi^es  obtained  by  the  lERS  Analysis 
Centres  for  VLBI  (in  1990:  GSFC,  JPL,  NGS,  USNO).  These  centres  use  consistent 
standards  in  order  to  make  their  frames  barycentric,  and  they  impose  the  condidon  that 
the  sources  do  not  move  reladve  to  one  another.  Appropriate  procedures  are  applied  so 
that  the  source  coordinates  are  unaffected  by  the  inaccuracy  of  the  precession-nutadon 
model,  except  for  arbitrary  offsets  in  the  reference  poles.  The  use  of  the  standard 
precession-nutadon  model  in  compudng  the  coordinates  at  J2000.0  introduces  a  small 
offset  of  the  pole  of  the  frame  reladve  to  the  real  posidon  of  the  mean  pole.  The  various 
ways  in  which  the  right  ascension  origin  is  fixed  also  introduce  small  offsets.  The  above 
mendonned  offsets  are  modeled  in  the  Central  Bureau  combinadon  as  three  rotadon 
angles  for  each  individual  frame  reladve  to  the  lERS  one;  they  are  in  general  smaller  than 
thi^  milliarcseconds. 

As  new  informadon  on  source  posidons  becomes  available,  new  realizadons  of  the 
ICRF  are  introduced,  insuring  that  a  new  realizadon  has  globally  no  rotadon  with  respect 
to  the  previous  one.  The  maintenance  process  includes  die  selecdon  of  primary  sources 
on  which  the  no  rotadon  cendidon  is  applied;  this  procedure  aims  at  improving  ^e  source 
coordinates  and  at  extending  the  list  of  sources  (primary  and  others),  while  keeping  the 
inidal  direcdon  of  the  axes.  The  1990  version  (lERS  Annual  Report  for  1989)  includes  a 
total  of  228  radio  sources,  among  which  51  are  prim^;  113  sources  have  posidon 
uncertainties  under  0.001"  (vs.  76  in  the  previous  realizadon)  and  the  rotation  angles 
reladve  to  the  previous  realizadon  are  iasipificant  at  the  level  of  0.0001". 

Details  on  the  lERS  celesdal  reference  system  and  frame  are  given  by  Arias  and 
Feissel  (1990a,  1990b).  A  tentadve  evaluadon  of  the  consistency  of  the  EBRS  celestial 
system  with  the  FK5  is  given  in  the  Annex.  We  conclude  that  the  direcdons  of  axes  of 
the  lERS  celesdal  system  are  in  agreement  with  those  of  the  FK5  within  the  uncertainty 
of  the  latter. 
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5.  The  Earth  Orientation  parameters 

Comparing  pairs  of  terrestrial  frames  or  pairs  of  celestial  frames,  one  can  predict  the 

biases  between  the  respective  EOP  swies  (Ax,  Ay,  AUTl,  Ad\jr,  Ade),  Let  Rj,  R2,  and 
R3  be  the  rotation  angles  between  two  terrestrial  frames,  reckoned  respectively  around 
the  Ox  axis  (in  the  direction  of  the  prime  meridian),  the  Oy  axis  (longitude  90°  E)  and  the 
Oz  axis  (polar  axis);  let  Aj,  A2,  and  A3  be  the  rotation  angles  between  two  celestial 
frames  (see  definition  in  Annex.)  The  predicted  biases  in  EOP's  are  as  follows  (Zhu  and 
Mueller,  1983). 

Ax  =  R2,  Ay  =  Ri, 

AUT1=A3-R3, 

Ad\|t  =  Aysin  e,  Ade  =  -Ai. 

Table  2  gives  the  average  discrepancies  between  the  predicted  and  observed  differences 
between  time  series,  for  VLBI  and  SLR.  The  discrepancies  are  in  the  range  0.(X)02''  - 
0.002". 


Table  2.  Average  discrepancies  between  reference  frames  relative  rotations  and 
relative  biases  in  EOP  series.  The  uncertainties  listed  refer  to  the  individual 
estimates  of  the  discrepancies.  Unit:  O.OOi". 


Techniques 

Earth  Orientation  Parameters 

X  y  UTl  d\|/sin  e 

de 

VLBI-VLBI 

0.7  ±0.6 

1.5  ±0.6  0.3  ±0.6  0.4  ±0.2 

0.2  ±0.2 

SLR-SLR 

0.2  ±0.6 

0.7  ±0.6 

VLBI-SLR 

1.8  ±1.1 

1.5  ±1.0 

The  comparisons  of  Table  2  are  derived  at  a  common  epoch  (1988.0).  Provided 
that  two  series  of  the  pole  coordinates  and  UTl  are  referred  to  the  same  site  motion 
model,  the  difference  of  two  series  of  EOP  should  not  change  with  time.  A  check  of  the 
relative  linear  drifts  indicates  that  the  unexplained  relative  drifts  in  any  of  the  five  EOP  are 
generally  insignificant  (absolute  value  lower  than  O.OOOr'/year),  with  some  exceptions 
up  to  the  level  of  0.0005"/year. 

The  two  above  evaluations  set  an  upper  limit  at  the  level  of  0.001"  to  the  accuracy 
of  the  best  Earth  orientation  results.  The  precision  of  the  time  series,  i.e.,  the  stability  of 
their  measurement  errors,  can  be  estimated  from  comparisons  two  by  two  with  the  help 
of  the  Allan  variance.  In  an  earlier  study  (Feissel,  1990),  we  showed  that  the  individual 
series  have  a  white  noise  error  spectrum  for  sampling  times  of  five  days  (0.001") 
through  one  year  (0.0001").  The  lERS  series  of  EOP,  which  is  obtained  by  combining 
several  of  these  series,  is  expected  to  have  also  a  white  noise  error  spectrum,  at  a 
somewhat  better  level. 
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Summary 

The  lERS  terrestrial  and  celestial  systems  are  realized  by  sets  of  riducial  points  which 
coordinates  have  a  precision  better  than  0.001”  and  an  accuracy  of  0.001-2";  their  axes 

are  maintained  within  ±0.0005”. 

The  time  scries  of  the  EOP  which  relate  them  have  a  measurement  stability  of 
0.001”  (one  day  interval)  to  0.0001"  (one  year);  their  link  to  the  reference  system  is 
known  within  0.001". 

Figure  1  shows  these  uncertainties,  together  with  an  estimation  of  the  natural 

unstability  of  the  Earth's  rotation.  UTl-TAl  has  a  stability  of  about  ±0.006"  at  one  day 
interval,  with  a  very  sharp  increase  for  longer  time  intervals;  the  polar  motion  spectrum 
starts  at  0.0015"  for  a  five  day  interval,  with  a  relatively  rapid  rise  for  longer  time 
intervals;  the  celestial  pole  coordinates  have  a  flicker  noise  spectrum,  at  the  level  of 
0.0006". 

In  conclusion,  the  observations  collected  and  treated  in  the  operation  of  DERS  give 
a  permanent  tie  at  the  level  of  0.001"  between  its  terrestrial  system  and  its  celestial 
system.  The  realization  of  the  reference  systems  as  well  as  their  ties  are  unaffected  by  the 
geophysical  noise  in  the  Earth's  rotation. 

Figure  1.  Spectra  of  the  Earth's  rotation  irregularities  and  of  their  measurement. 
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Annex.  Relationship  between  the  FK5  and  lERS  axes. 

The  figure  represents  estimated  positions  of  the  FK5  and  lERS  polar  axes  relative  to  the 
mean  celestial  pole  at  J2000.0,  and  estimated  relative  positioning  of  the  FK5  and  lERS 
right  ascension  origins.  The  estimated  parameters  are  rotation  angles  Aj,  A2,  and  A3 

around  three  axes  in  the  directions  a  =  0**,  5  =  0;  a  =  6*',  5  =  0;  5  =  90® .  Aj,  A2.  are 
plotted  in  a  plane  tangent  to  the  celestial  sphere  at  the  celestial  pole;  A3  is  plotted  in  a 
plane  tangent  to  the  celestial  sphere  in  the  vicinity  of  the  equinox. 


f 

I  ♦0.05' 


I 


•005-  I 

Pole .  The  coordinate  axes  are  centered  at  the  mean  celestial  pole  at  J2000.0.  Pjers 
is  an  estimation  of  the  ERS  polar  axis  derived  from  VLBI  analyses  (e.g.  Steppe  et  ai, 
1990);  the  various  VLBI  estimations  agree  within  0.001"  (radius  of  the  circle  around 
Piers).  The  area  of  probable  position  of  the  FK5  pole  is  obtained  by  first  considering 
that  the  systematic  part  is  dominated  by  a  correction  of  -0.25  "/cy  to  the  precession 
constant  imbedded  in  the  FK5  System,  and  second  by  adopting  Fricke's  (1982) 

estimation  of  the  accuracy  of  the  FK5  equator  (±  0.02"),  and  Schwan's  (1988) 

estimation  of  the  limit  of  the  residual  rotation  (±  0.07 "/cy),  taking  the  epochs  of 
observations  from  Fricke  et  al.,  (1988).  If  one  assumes  that  the  error  in  the  precession 
rate  is  absorb^  by  the  proper  motions  of  stars,  the  circle  has  to  be  centered  at  Pj2ooo> 
keeping  the  same  radius.  P28QSO  ^  derived  from  a  comparison  of  the 

coordinates  of  28  quasars  in  the  FK5  System  (Ma  et  ah,  1990)  with  their  coordinates  in 
^e  ERS  Celestial  Reference  System. 

Origin  of  right  ascensions.  O28QS0.  corresponding  to  the  origin  of  the  right 
ascensions  of  28  quasars  in  the  FK5  System  given  by  Ma  et  al.  (1990),  is  set  arbitrarily 
as  the  origin.  The  position  of  Oiers  is  derived  from  a  least  squares  adjustment  between 
the  28  quasars  FK5  right  ascensions  and  the  lERS  ones;  the  error  bar  on  O28QSO  is 
derived  from  this  adjustment.  The  error  bar  on  Oiers  results  from  an  estimation  of  the 
stability  of  the  ERS  origin  of  right  ascensions. 

OpK5  is  set  at  the  same  position  as  028qso’»  li’®  is  derived  from  the 

quadratic  sum  of  the  accuracies  given  by  Fricke  (±  0.045")  and  Schwan  (±  0.07"/cy), 
considering  a  mean  epoch  of  1955  for  the  proper  motions  in  right  ascension. 
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ABSTRACT.  The  PTRF  is  based  on  43  sites  with  64  SSC  collocation  points  with  the  opti¬ 
mum  geographic  distribution,  which  were  selected  from  all  stations  of  the  ITRF89  according 
to  the  criterion  of  the  minimum  value  of  the  errors  of  7  parameters  of  transformation.  The 
ITRF89  was  computed  by  the  lERS  Terrestrial  Frame  Section  in  Institut  Geographique 
National  -  IGN  and  contains  192  VLBI  and  SLR  stations  (points)  with  119  collocation 
ones.  The  PTRF  has  been  compared  with  the  ITRF89.  The  errors  of  the  7  parameters  of 
transformation  between  the  PTRF  and  18  individual  SSC  a.s  well  as  the  mean  square  errors 
of  station  coordinates  aie  of  the  same  order  as  those  for  the  ITRF89.  The  transformation 
parameters  between  the  ITRF89  and  the  PTRF  are  negligible  and  their  errors  are  of  the 
order  of  3  mm. 


1.  Introduction 

Geodetic  and  geodynamic  investigations  on  the  level  of  subcentimeter  accuracy  are  the  goals 
of  the  next  decade.  A  well  defined  and  stable  terrestrial  reference  frame  is  needed  for  these 
purposes  (Mueller  et  al.,  1989). 

The  lERS  Terrestrial  Reference  Frames  ITRF88,  ITRF89  (Boucher,  1988;  Boucher  et 
al.  1989;  lERS,  1989-1990)  are  the  best  combine  solutions  developed  from  previous  Bill 
Terrestrial  Systems  -  BTS  1984  -  BTS  1987  (BIH;  1986-1989;  Boucher  et  al.,  1984,  1985, 
1986, 1988).  The  ITRF89  is  defined  by  192  VLBI,  SLR  and  LLR  stations  which  coordinates 
were  computed  as  a  combination  of  18  Sets  of  Station  Coordinates  -  SSC  (lERS,  1990). 

The  accuracy  of  the  transformation  parameters  between  the  individual  SSC  and  the 
ITRF89  is  now  of  the  order  of  1  to  10  cm,  and  depends  on  the  number,  the  distribution  and 
the  accuracy  of  collocation  stations  in  each  SSC.  The  accuracy  of  the  ITRF89,  defined  by 
the  accuracy  of  7  parameters  of  transformation  depends  mostly  on  distribution  of  the  SSC 
collocation  stations.  The  ITRF89  stations  are  located  mostly  in  Western  Europe  and  North 
America.  The  most  number  of  such  stations,  which  are  not  located  homogeneously  all  over 
the  Earth  do  not  improve  the  accuracy  of  the  ITRF89.  A  terrestrial  reference  frame  can 
be  defined  with  the  same  accuracy  by  smaller  number  of  stations  with  accurate  coordinates 
and  optimum  geographic  distribution  (Kosek  et  al.,  1990).  In  the  paper  the  choice  of 
the  optimum  number  and  geographic  distribution  of  stations  taken  from  the  ITRF89  set 
of  stations  was  done  and  new  terrestrial  reference  frame  named  the  Primary  Terrestrial 
Reference  Frame  -  PTRF  was  determined.  The  PTRF  consisted  of  64  SSC  collocation  points 
with  a  good  distribution  and  accuracy  of  their  coordinates  is  presented  as  a  combination 
of  18  Sets  of  Station  Coordinates.  Such  system  can  be  used  in  geodynamic  investigations 
and  for  other  global  geodetic  activities.  The  ITRF  with  larger  number  of  stations  with 
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coordinates  in  the  PTRF  system  can  be  used  for  all  other  purposes. 


2.  Method  of  analysis 

The  sites  of  the  PTRF  with  the  optimum  geographic  distribution  were  selected  from  the 
ITRF89  stations  according  to  the  criterion  of  the  minimum  value  of  the  errors  of  7  param¬ 
eters  of  transformations  obtained  by  the  least-squares  adjustment. 

The  observational  equation  for  the  least-squares  adjustment  written  for  the  i  ~  th 
station  is  given  by  the  following  formula: 

fXk\  /Xi\  /Ti\  (  D  -RZ  R2\  /Xi\ 

n  =  y;-  -  t2  -  rz  d  -ri  U-  (i) 

\ZkJ  \ZiJ  \T3j  \-R2  R1  D  J  \Zi) 

where:  Xki  Ykt  Zk  are  disturbed  by  the  white  noise  station  coordinates  Xi,  Y{,  Zi, 

Ti,  r2,  Tj  are  the  translation  parameters, 

D  is  the  excess  to  1  of  the  scale  factor, 

Rl,  R2,  RZ  are  the  small  Euler  rotation  angles. 

The  equation  (1)  have  been  weighted  by  dividing  it  by  the  mean  square  error  of  a 
station  computed  from  the  mean  square  errors  of  station  coordinates  given  in  the  ITRF89 
solution: 


nii  =  (2) 

The  errors  of  7  parameters  of  transfonnation  are  given  by  the  following  formula: 

rrij  =  mo\J{A'^A)jy  ,for  j  =  1,2,...,7  (3) 

A  is  the  t  X  I  matrix  of  the  observational  equation  coefficients  with  t  =  7  and  I  =  3iV, 
N  is  the  number  of  stations. 


In  this  equation  the  errors  of  the  parameters  of  transformation  depend  only  on  the 
values  of  the  diagonal  elements  of  the  matrix  {A^A)~^  since  the  value  of  vrio  is  constant  for 
the  same  number  of  stations.  These  diagonal  elements  depend  on  the  stations  distribution 
as  well  as  on  the  m,-  errors. 

First  the  points  of  the  highest  accuracy  of  coordinates  have  been  chosen  in  each  site. 
Next  the  stations  of  not  good  distribution  and  accuracy  have  been  eliminated  sequentially 
according  to  the  criterion  of  the  minimum  value  of  the  errors  of  7  parameters  of  transfor¬ 
mation.  These  errors  are  n^inimum  when  the  trace  of  the  variance  covariance  matrix  has  a 
minimum  value  {tr{A'^ A)~  =  min).  In  order  to  choose  the  optimum  distribution  of  iV  -- 1 
stations  from  the  set  of  N  the  combinations  were  analysed.  From  N  number  of  sta¬ 


tions  a  number  of  fV-1  such  stations  were  selected,  for  which  the  value  of  tr{A’^ A)  -  min. 
It  enables  elimination  of  one  station  and  after  that  the  number  oiN  -2  stations  from  iV  - 1 
stations  can  be  selected.  All  collocation  stations  of  VLBl  and  SLR  or  LLR  instruments 
have  been  included  in  the  computation  of  the  PTRF  in  order  to  get  better  tie  of  the  VLBI 
to  SLR  systems,  though  for  some  of  them  like  METSAHOVI,  FLAGSTAFF,  PASADENA, 
YUMA,  PLATTEVILLE  and  SAN  DIEGO  the  trace  matrix  analysis  show  that  they  ought 
to  be  eliminated. 


Additionally  points  like:  GOLDSTONE  (S009,  S014,  S019),  FORT  DAVIS  (M006), 
CANBERRA  (S003)  and  MADRID  (SOOl,  SOlO)  were  also  included  to  the  computation  in 
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order  to  get  the  solution  for  the  transformation  parameters  for  each  SSC  for  whicli  at  least 
3  stations  are  necessary.  All  the  SSC  collocation  stations  of  the  Southern  hemisphere  are 
important  for  the  computation  of  the  PTRF,  because  of  the  small  number  of  stations  in 
this  hemisphere.  The  improvement  of  the  accuracy  of  their  coordinates  is  very  important 
for  the  better  definition  of  the  Terrestrial  Reference  Frame  and  the  PTRF. 

Finally,  the  PTRF  consisting  of  43  sites  with  64  SSC  collocation  points  was  computed 
(Fig.  1).  Using  the  least  squares  adjustment  and  the  IGN  program  for  ITRF  computei- 
tion  (Boucher  et  al.,  1988,  1989)  the  coordinates  A’,-,  Fi,  Zi,  of  the  PTRF  as  well  as  the 
transformation  parameters:  Ti,  T2,  T3,  Z),  Rl,  R2,  RZ,  between  this  frame  and  the  indi¬ 
vidual  SSC  were  obtained  (Tab.  1.)  on  the  base  of  formula  (1).  The  scale  and  the  origin 
of  the  SSC-CSR89L02  have  been  adopted  for  definition  of  the  ITRF88,  ITRF89  and  the 
PTRF  systems  and  they  were  held  fixed  in  the  adjustment  of  the  PTRF.  The  orientation 
of  the  PTRF  axes  i.s  adopted  to  be  the  same  as  in  the  ITRF88  and  ITRF89  systems  and 
differs  about  fixed  rotation  angles  from  the  SSC-CSR89L02  system.  The  transformation 
parameters  from  the  PTRF  to  the  individual  SSC’s  are  in  a  very  good  agreement  with  the 
transformation  parameters  from  ITRF89  to  the  same  individu^  SSC’s  (Tab.  l.,2.).  The 
differences  are  smaller  than  their  RMS  errors  except  for  such  SSC  like:  GAOUA90L01  (T2) 
and  LPAC90L01  (T2,  D).  The  errors  of  these  transformation  parameters  are  of  the  same 
order  as  for  the  ITRF89.  The  errors  of  the  coordinates  of  the  PTRF  stations  (Tab.  3.)  and 
the  (To  =  1.35cm  are  of  the  same  order  as  for  the  ITRF89  {(Tq  —  1.34cm). 

The  transformation  parameters  from  the  PTRF  to  ITRF89  reference  frames  are  negli¬ 
gible  (Tab.  1.)  and  their  RMS  are  of  the  order  of  3  mm. 


3.  Conclusions 

The  PTRF  consisting  of  64  SSC  collocation  points  in  43  sets  carefully  chosen  defines  the 
terrestrial  system  as  well  as  the  ITRF89  consisting  of  119  SSC  collocation  points.  .A,bout 
half  a  number  of  SSC  collocation  points  due  to  not  homogeneous  distribution  and  lower 
coordinate  accuracy  have  no  influence  on  the  accuracy  of  determination  of  the  ITRF89. 
More  number  of  the  eliminated  collocation  station  are  located  in  Europe  and  North  America. 
The  PTRF  defines  well  an  ITRF  for  global  geodynamic  investigations.  The  ITRF  with 
larger  number  of  stations  is  useful  for  other  geodetic  activities. 
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Table  1.  Transformation  parameters  from  the  Primary  Terrestrial  Reference  Frame  to 
individual  SSC  systems  and  to  the  ITRF89  at  epoch  1988.0. 


SSC 

T1 

T2 

[cm] 

T3 

R1 

m 

GSFC  90R02 

161.4 

-86.0 

52.0 

-0.7 

2.1 

1.5 

0.2 

21 

15 

1.1 

1.2 

1.1 

0.2 

0.5 

0.4 

0.4 

NGS  90R01 

-0.2 

-4.7 

5.1 

-0.3 

-3.8 

10.5 

-0.2 

14 

12 

1.2 

1.2 

1.2 

0.2 

0.5 

0.5 

0.4 

USNO  90R01 

-8.5 

-16.5 

3.5 

-1.8 

-0.4 

2,2 

0.5 

4 

4 

2.0 

2.4 

2.3 

0.3 

1.1 

0.8 

0.6 

SO  88R01 

162.8 

-107.3 

36.9 

-0.5 

-7.4 

7.0 

-2.0 

3 

2 

7.8 

4.7 

6.4 

0.5 

2.5 

3.4 

1.4 

NAOMZ  89R01 

-10.1 

13.3 

-4.2 

1.3 

-4.1 

9.1 

-1.4 

3 

3 

9.0 

8.6 

7.5 

1.2 

3.3 

3.5 

2.5 

JPL  90R02 

-0.2 

-4.6 

9.1 

-3.1 

2.3 

1.6 

0.1 

3 

2 

2.7 

2.9 

2.8 

0.4 

1.4 

1.2 

1.5 

CSR  89L02 

0.0 

0.0 

0.0 

0.0 

-3.4 

4.3 

-15.9 

46 

37 

GSFC  89L01 

-2.0 

-0.7 

1.7 

0.1 

-0.7 

5.2 

-7.5 

40 

35 

1.1 

1.1 

1.0 

0.2 

0.4 

0.4 

0.4 

DGFII  89L03 

0.4 

-0.3 

4.6 

-0.2 

-286.1 

-46.0 

3.4 

18 

4 

1.5 

1.5 

1.4 

0.2 

0.6 

0.6 

0.5 

BUT  90LO1 

-0.4 

-1.2 

-5.9 

-1.1 

0.1 

1.7 

-4.3 

22 

9 

1.3 

1.3 

1.3 

0.2 

0.5 

0.5 

0.5 

ZIPE  90L01 

-1.8 

0.5 

-8.0 

0.1 

0.5 

0.8 

0.6 

29 

9 

1.3 

1.3 

1.2 

0.2 

0.5 

0.5 

0.4 

SO  90L01 

-0.5 

0.5 

1.1 

-0.6 

-3.7 

5.2 

-14.3 

30 

12 

1.3 

1.3 

1.2 

0.2 

0.5 

0.5 

0.4 

GAOUA  90L01 

-2.0 

0.4 

-0.6 

-1.0 

1.1 

2.6 

-0.8 

26 

14 

1.4 

1.3 

1.3 

0.2 

0.5 

0.5 

0.4 

LPAC  90L01 

0.8 

1.9 

8.9 

-0.6 

2.2 

-0.1 

-4.2 

20 

7 

1.7 

1.6 

1.6 

0.2 

0.6 

0.7 

0.6 

UTXMO  90M01 

-2.4 

-0.7 

34.3 

-4.2 

-0.8 

0.2 

-3.1 

6 

0 

5.9 

7.7 

5.4 

1.0 

2.4 

1.7 

3.3 

JPL  90M01 

-9.8 

-1.8 

0.4 

-2.0 

1.5 

3.2 

-1.4 

6 

0 

4.5 

5.0 

4.7 

0.6 

2.3 

1.7 

1.3 

CERGA  89M01 

-13.2 

3.6 

-4.7 

-5.3 

0.6 

3.5 

-11.5 

5 

0 

4.6 

5.3 

4.8 

0.6 

2.5 

1.7 

1.3 

SO  86M01 

-17.2 

21.8 

6.8 

-1.8 

16.0 

6.9 

-6.1 

4 

0 

9.1 

10.5 

9.5 

1.2 

5.0 

3.5 

2.6 

ITRF89 

|Ki| 

-0.1 

Wm 

■11 

0.3 
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Table  2.  Differences  between  transformation  parameters  from  the  PTRF  to  the  individual 
SSC  systems  and  from  the  ITRF89  to  the  individual  SSC  systems. 


SSC 

IBI 

D 

10"® 

R1 

GSFC  90R02 

0.2 

1.0 

0.1 

0.1 

-0.2 

NGS  90R01 

0.0 

0.6 

0.3 

0.1 

-0.1 

USNO  90R01 

-0.6 

0.5 

-1.8 

0.0 

-0.4 

0.3 

0.4 

SO  88R01 

1.6 

-0.5 

-0.2 

0.1 

-0.2 

-0.5 

-0.4 

NAOMZ  89R01 

-2.3 

1.5 

1.2 

0.1 

-0.2 

1.1 

0.1 

JPL  90R02 

1.5 

-0.8 

2.2 

0.5 

0.1 

-0.2 

0.2 

CSR  89L02 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

GSFC  89L01 

-1.0 

0.3 

-0.7 

0.1 

0.3 

-0.1 

0.2 

DGFII  89L03 

0.4 

0.7 

0.2 

0.0 

0.2 

0.0 

0.0 

DUT  90LO1 

0.1 

1.1 

0.2 

0.0 

0.1 

0.0 

0.1 

ZIPE  90L01 

1.3 

0.1 

0.6 

0.0 

0.2 

-0.2 

-0.1 

SO  90L01 

0.1 

1.2 

-0.6 

0.2 

-0.2 

0.2 

-0.1 

GAOUA  90L01 

1.3 

2.2 

1.1 

0.2 

0.3 

-0.6 

0.0 

LPAC  90L01 

-0.7 

2.8 

0.0 

-0.4 

O 

1 

0.6 

0.5 

UTXMO  90M01 

0.2 

1.3 

0.1 

0.1 

0.1 

-0.1 

0.0 

JPL  90M01 

0.2 

1.0 

0.2 

0.0 

0.1 

-0.1 

0.0 

CERGA  89M01 

0.2 

1.0 

0.1 

0.0 

0.1 

-0.1 

0.0 

SO  86M01 

0.2 

1.0 

0.1 

0.1 

0.1 

-0.1 

0.1 

Table  3.  The  station  coordinates  of  the  Primary  Terrestrial  Reference  Frame. 


STATION 

X 

m*  Y 

fm] 

rriy 

Z 

ruz 

SOlO 

CANBERRA 

-4460935.076 

.022  2682765.771 

.021 

-3674381.711 

.021 

SOlO 

MADRID-R 

4849336.797 

.019  -360488.893 

.019 

4114748.621 

.020 

S014 

GOLDSTON 

-2351129.050 

.015  -4655477.095 

.015 

3660956.884 

.015 

M102 

WASHINGT 

1130686.678 

.011  -4831353.025 

.011 

3094110.875 

.011 

M002 

MAUI  I 

-5465998.456 

.012  -2404408.544 

.012 

2242228.403 

.013 

SOOl 

JOHANNES 

5085442.829 

.024  2668263.391 

.025 

-2768697.273 

.024 

S002 

WESTFORD 

1492404.925 

.012  -4457266.488 

.012 

4296881.692 

.013 

S003 

FORT  DAV 

-1324210.866 

.010  -5332023.144 

.011 

3232118.375 

.011 

SOOl 

KASHIMA 

-3997892.273 

.020  3276581.312 

.019 

3724118.288 

.022 

SOOl 

KAUAI 

-5543845.987 

.014  -2054564.165 

.013 

2387813.766 

.013 

S003 

KWAJALEI 

-6143536.502 

.017  1363997.208 

.017 

1034707.353 

.019 

SOOl 

BOLOGNE 

4461370.198 

.016  919596.751 

.017 

4449559.046 

.018 

M013 

GOLDSTON 

-2356494.019 

.011  -4646607.672 

.012 

3668426.599 

.012 

S009 

GOLDSTON 

-2356170.906 

.011  -4646755.885 

.011 

3668470.584 

.011 

M003 

MONUMENT 

-2386289.312 

.011  -4802346.566 

.012 

3444883.962 

.012 

M004 

OWENS  VA 

-2410421.134 

.013  -4477800.428 

.013 

3838690.309 

.013 

M002 

PLATTEVI 

-1240708.017 

.013  -4720454.337 

.013 

4094481.633 

.013 

SOOl 

RICHMOND 

961258.174 

.013  -5674090.035 

.013 

2740533.732 

.014 

S009 

SHANGHAI 

-2831686.666 

.018  4675733.885 

.018 

3275327.806 

.020 

S004 

WETTZELL 

4075540.093 

.014  931735.168 

.014 

4801629.244 

.014 

114 


Table  3.  cont. 


STATION 

X 

nix  y 

H 

Z 

M.0.Q1 

YUMA 

-2196777.811 

.018  -4887337.065 

.018 

3448425.231 

.018 

SOOl 

MADRID-R 

4849092.729 

.067  -360180.596 

.068 

4115108.964 

.070 

MOM 

SAN  DIEG 

-2428826.596 

.012  -4799754.325 

.015 

3417267.044 

.015 

M006 

FORT  DAY 

-1330020.936 

.010  -5328401.851 

.012 

3236480.796 

.011 

MOM 

FORT  DAY 

-1330125.263 

.010  -5328526.640 

.011 

3236150.244 

.011 

MOOl 

YARRAGAD 

-2389006.532 

.020  5043329.288 

.019 

-3078525.383 

.020 

MOM 

WESTFORD 

1492453.790 

.012  -4457278.752 

.012 

4296815.886 

.013 

MOOl 

KWAJALEI 

-6143447.268 

.018  1364700.185 

.017 

1034163.112 

.019 

MOOl 

SAMOA 

-6100045.855 

.029  -996203.144 

.029 

-1568976.327 

.029 

M002 

EASTER  I 

-1884984.374 

.021  -5357608.169 

.020 

-2892853.406 

.020 

M105 

WASHINGT 

1130719.790 

.011  -4831350.573 

.011 

3994106.477 

.011 

M002 

QUINCY 

-2517234.690 

.013  -4198556.250 

.013 

4076569.654 

.013 

MOOl 

MONUMENT 

-2386277.917 

.011  -4802354.367 

.012 

3444881.438 

.012 

MOOl 

PLATTEYI 

-1240678.122 

.013  -4720463.373 

.013 

4094480.608 

.013 

MOOl 

OWENS  YA 

-2410422.357 

.013  -4477802.689 

.013 

3838686.692 

.013 

M002 

GOLDSTON 

-2350861.547 

.015  -4655546.275 

.015 

3660997.827 

.015 

MOOS 

HUAHINE 

-5345865.399 

.025  -2958246.717 

.025 

-1824623.889 

.025 

MOOl 

MAUI  I 

■5466006.470 

.012  -2404427.953 

.012 

2242187.475 

,013 

M002 

RICHMOND 

961319.050 

.013  -5674090.966 

.013 

2740489.520 

.014 

MOOl 

SANTIAGO 

1769699.798 

.029  -5044612.926 

.030 

-3468260.050 

.029 

MOOl 

CERRO  TO 

1815517.158 

.029  -5213464.875 

.029 

-3187999.408 

.029 

MOOl 

ASKITES 

4353444.929 

.021  2082666.283 

.021 

4156506.648 

.021 

MOOl 

KATAYIA 

4573400.091 

.022  2409322.200 

.021 

3723881.751 

.022 

M002 

DIONYSOS 

4595216.461 

.020  2039435.345 

.021 

3912629.488 

.021 

MOOl 

ROUMELLI 

4728694.704 

.018  2174373.372 

.018 

3674572.923 

.018 

M002 

CAGLIARI 

4893398.119 

.019  772673.316 

.019 

4004140.939 

.020 

M002 

BOLOGNE 

4461399.729 

.016  919566.848 

.017 

4449510.490 

.018 

SOOl 

METSAHOY 

2892595.614 

.024  1311807.759 

.024 

5512610.719 

.024 

SOOl 

ZIMMERWA 

4331283.630 

.017  567549.537 

.017 

4633139.941 

.017 

S002 

WETTZELL 

4075530.090 

.013  931781.316 

.013 

4801618.172 

,014 

SOOl 

CERGA  GR 

4581691.822 

.015  556159.394 

.015 

4389359.383 

.015 

SOOl 

SHANGHAI 

-2831087.790 

.019  4676203.485 

.018 

3275172.826 

.021 

SOOl 

SIMOSATO 

-3822388.354 

.018  3699363.497 

.017 

3507573.095 

.019 

S002 

LUSTBUEH 

4194426.735 

.017  1162693.874 

.017 

4647246.544 

.017 

SOOl 

HERSTMON 

4033463.849 

.017  23662.354 

.017 

4924305.017 

.017 

8007 

CANBERRA 

-4446476.781 

.018  2678127.080 

.018 

-3696251.774 

.018 

M002 

FLAGSTAF 

-1923976.627 

.018  -4850871.713 

.018 

3658574.856 

.018 

MOOl 

PASADENA 

-2493211.862 

.018  -4655229.531 

.018 

3565574.503 

.018 

SOOl 

AREQUIPA 

1942792.008 

.018  -5804077.671 

.018 

-1796919.305 

.018 

SOOl 

MATERA 

4641965.108 

.017  1393069.947 

.017 

4133262.218 

.017 

S003 

CANBERRA 

-4447548.616 

.018  2677133.980 

.018 

-3694996.475 

.019 
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Table  3.  cont. 


STATION 

X  nix  Y  nxy  Z  m, 

[m] 

S002  FORTDAV 
§PQ5  MAUI  I 

S002  CERGAGR 

-1330781.240  .010  -5328755.585  .011  3235697.676  .011 

-5466006.954  .012  -2404428.165  .012  2242188.478  .013 

4581692.400  .015  556195.867  .015  4389354.945  .016 
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THE  TRANSFORMATION  FROM  FK4  TO  FK5 
AND  THE  DEFINITION  OF  UT 


B.X.XU,  Y.F.XIA,  T.Y.HUANG,  C.H.KAN 
DeiHirtment  of  Astronomy 
Nanjing  University 
Nanjing.  210008 
People's  Republic  of  China 

ABSTRACT.  Tho  different  procedures  of  the  transforation  from  FK4  to  FK5  are  reviewed. 
With  these  procedures  some  numerical  examples  for  selected  FK4  stars  are  given.  Basing  on 
the  original  work  of  Fricke  (1985).  we  prefer  to  .select  the  procedure  developed  by  Slandish 
{1982).  One  of  the  main  reasons  for  the  procedure  of  Aoki  et  al.  (1983)  is  to  consist  with 
the  new  definition  of  UT.  Since  the  corrections  ”FK5  -  FK4”  for  many  stars  are  significant, 
even  if  adopting  this  procedure,  it  is  still  impossible  to  avoid  the  effect  of  the  right  ascension 
discontinuities  on  UT. 


1  Introduction 

According  to  the  resolution  adojited  by  lAU  in  1976,  the  FK4  should  replaced  by  the  FK5 
from  1984  January  1  onward.  The  transformation  from  PK4  to  FK5  includes  the  following 
proce.sses:  (1)  eliminate  the  E  terms  of  aberration.  (2)  correct  the  ecpiinox  er  or  and  its 
motion.  (3)  correct  the  proper  motion  for  the  new  precession  constant.  (4)  change  the  unit 
of  the  time  from  tropical  to  Julian  centuries.  (5)  transform  the  positions  and  proper  motions 
to  .12000.0.  (6)  apply  the  systematic  and  individual  corrections  (”FK5  -  FK4'’).  Because 
the  ''FK5  -  FK4"  were  not  available  for  the  year  1984-1987,  there  was  a  transitional  pha.se 
in  which  only  the  first  five  procedures  have  been  applied. 

For  the  transitional  transformation  several  approaches  have  been  developed  by  Standish 
(1982).  Aoki  et  al.  (1983).  Lederle  and  Schwan  (1984),  Smith  et  al.  (1989),  Yailop  et  al. 
( 1989),  Murray  ( 1989)  and  Soma  et  al.  (1989).  Among  these  there  are  two  main  differences: 
( 1)  The  eipiinox  correction  is  applied  in  the  fixed  frame  (Standish)  or  in  the  rotating  frame 
(Aoki  et  al.).  (2)  The  transfer  from  FK4  to  FK5  is  performed  at  Bi950.0  (Standish)  or  at 
1984  January  1  (Aoki  el  al.). 

In  Sect  .2  we  suggest  a  criterion  to  review  the  differences.  In  Sect. 3  some  numerical  exam¬ 
ples  are  given  for  comparison.  In  Sect .4  we  di.scu.ss  the  problem  whether  the  transformation 
should  or  could  consist  with  new  definition  of  UT. 
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2  The  Review  of  Different  Procedures 

In  the  transformation  the  equinox  error  of  FK4  and  the  correction  of  precession  constant, 
which  are  determined  by  Fricke,  are  adopted;  therefore  the  procedure  of  the  transformation 
should  base  on  the  original  work  of  Fricke  (1985). 

2.1  THE  DETERMINATION  OF  THE  EQUINOX  ERROR  OF  FK4 

Fricke  adopted  the  following  formula  for  determining  the  equinox  error  of  FK4 

=  E  +  f{AX,A£,Mi,Ah)  (1) 

where  Ao  =  -  (oiiilc.  (oelo  is  the  observed  right  ascension  of  the  sun,  and  is 

the  computed  value  provided  by  an  ephemeris.  AA,  Ae,  Ah  and  Ak  are  corrections  to  the 
"solar  orbit”. 

Combining  a  series  of  observational  results  from  the  sun  and  members  of  the  planetary 
.system,  Fricke  obtained  the  equinox  error  of  FK4.  Soma  et  al.  { 1989)  show  that  the  ociuino.x 
correction  E  of  Fricke  is  determined  in  the  frame  of  date.  On  the  contrary,  we  think  that 
the  equinox  correction  E  so  determined  is  in  the  fi.xed  frame.  In  fact,  deriving  a  niunerica! 
value  of  E  needs  the  observational  results  of  one  year  or  even  several  years.  They  all  must 
be  reduced  to  the  FK4  system.  Moreover,  the  solar  ephemeris  is  also  founded  in  the  fixed 
frame.  It  is  convincing  that  Fricke  one.self  gave  the  transformation  from  FK4  to  FK.5. 

2.2  THE  DETERMINATION  OF  PRECESSION  CORRECTION 

Fricke  made  use  of  proper  motion,  of  FK4  .stars  to  determine  the  precession  correction. 
If  the  effect  of  precessional  error  and  zero  point  error  on  proper  motion  is  only  considered, 
then  the  formula  becomes 

A((ioCosb)  =  Ak  •  cos6  +  An  •  .sinasij}6  (2) 

A/<i  =  An  •  COSO  (3) 

where  Ak  =  Api  •  coss  -  AA  -  Ae,  An  =  Api  •  sivs.  pi  and  A  are  the  luni.solar  and 
planetary  prece.s.sions  respectively.  Ae  is  "equinox  motion”  of  FIvl,  and  it  corresponds  to 
the  derivative  of  E  in  Eq.(l). 

From  the  above  consideration  it  appears  that  Fricke  took  no  account  of  the  effect  of 
equinox  correction  on  /if/c-i-  Accordingly  the  effect  of  equinox  correction  should  not  I)e 
involved  when  the  proper  motion  relative  to  new  precession  constant  is  corrected. 

As  is  given  in  the  above  discussion,  it  is  obvious  that  the  procedure  adopted  by  Standish 
is  in  keeping  with  the  original  work  of  Fricke.  We  insist  that  Eq.(3)  in  the  paper  of  Soma 
et  al.  be  adopted. 

3  Numerical  Examples  and  Comparison 

In  order  to  compare  numerical  values  obtained  from  different  procedures  of  the  transforiiia- 
lion,  we  .select  four  FK4  stars  in  the  computation  (from  Table  1  of  Smith  et  al.) 
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All  authors  have  no  objection  to  the  removal  of  the  elliptic  terms  in  aberration.  Using 
the  formula  given  by  Lederle  and  Schwan  (1984),  we  make  first  the  correction  to  the  catalog 
position.  Applying  steps  (2),  (3),  (4)  and  (5)  in  the  Introduction,  we  compute  the  transfor¬ 
mation  matrices  by  Standish  (St),  Aoki  et  al.  (Ao)  and  Soma  et  al.  (So)  (see  Soma  et  al. 
(1989),  Eqs.(l),(2),(10)).  Numerical  examples  for  J2000.0  are  given  in  Table  1  for  selected 
four  FK4  stars. 


Table  1.  Numerical  examples  for  J2000.0 


No. 

Proc. 

a 

6 

P.M.R.A. 

P.M.DEC 

St 

00'*20”‘04f3088 

-64®52'29!'333 

26f8627 

116" 284 

10 

Ao 

.3096 

.331 

.8647 

.286 

So 

.3092 

.332 

.8635 

.286 

St 

02'*31'”49f8303 

-}-89n5'50;'655 

21f7784 

-i:.581 

907 

Ao 

.8113 

.659 

.7287 

..571 

So 

.8227 

.658 

.7634 

..576 

St 

21^08”'46f0510 

-88°57'23;‘666 

8-M080 

o!’180 

923 

Ao 

.0073 

.669 

.4481 

.172 

So 

.0601 

.667 

.4263 

.177 

St 

11^52”*58-n456 

+37M3'07!'460 

33-*7149 

-.58i;'214 

1307 

Ao 

.7460 

.459 

.7157 

.215 

So 

.7458 

.459 

.71.52 

.216 

We  note  from  Table  1  that 

(1)  For  non-circumpolar  stars  the  differences  of  J2000.0  positions  and  proper  motions  ob¬ 
tained  by  four  approaches  can  be  omitted. 

(2)  For  circumpolar  stars  the  four  approaches  differ  systematically  by  a.s  much  as  0f02  and 
0f05  per  century  in  J2000.0  right  ascensions  and  proper  motions  in  right  ascension  respec¬ 
tively. 

Another  transformation  on  the  removal  of  the  E  terms  of  aberration  from  the  J2000.0 
mean  place  was  adopted  in  Merit  Standard  (1983)  and  Astronomical  Alamanac  (1984).  We 
examine  the  effect  of  epoch  change  of  stellar  reference  system  on  E  terms  of  aberration.  We 
find  that  for  circumpolar  stars  the  effect  of  50-year  epoch  change  of  the  reference  system  on 
E  terms  of  aberration  may  reach  to  0f4  and  0”07  respectively.  The  effect  is  far  larger  than 
the  differences  from  different  procedures  of  the  transformation  in  Table  1. 


4  The  Review  of  the  New  Definition  of  UT 

Since  the  Eighteenth  General  Assembly  of  the  lAU  in  1982,  there  have  been  many  reviews  on 
the  new  definition  of  UT.  Its  main  defects  are  as  follows;  (1)  Lack  of  a  clear  physical  cocepi 
of  UT.  (2)  Involving  some  determined  constants.  (3)  Not  applicable  to  the  new  techni(|ues. 

Aoki  et  al.  (1983)  emphasized  that  the  transformation  from  FK4  to  FK.5  should  consist 
with  the  new  definition  of  UT,  and  demanded  that  the  positions  and  proper  motions  of  all 
FK4  stars  referred  to  the  new  and  old  systems  respectively  are  the  same  at  1984  .January 
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I.  This  is  logically  unreasonable.  In  fact,  the  fundamental  ])lane  and  origin  of  a  stellar 
reference  system  can  be  defined,  whereas  the  positions  and  proper  motions  of  all  stars 
cannot  be  specified.  Their  numerical  values  can  only  be  determined  by  observations. 

As  is  given  in  the  Introduction,  the  transformation  from  FK4  to  FK.'i  involves  0  steps. 
The  systematic  and  individual  correctons  of  FK4  stars  should  be  ap|)lied  to  the  result  of 
transitional  transformation.  According  to  "Corrections  FlCj  -  FK4’*  published  by  Widen 
et  al.  ( 1987),  for  1984  Ao  of  69  stars  are  larger  than  Of  1.  among  them  Aa  of  23  stars  are 
larger  than  0f2.  It  is  obvious  that  the  effects  of  the  sysiemalic  and  individual  corrections 
for  many  stars  on  the  determination  of  UT  cannot  be  omitted  at  the  beginning  of  19S-1. 

From  1988  onwards  the  lERS  system  no  longer  includes  the  optical  observations.  So  it 
seems  that  the  new  definition  of  UT  is  unnecessary  in  lERS  Standard.  We  suggest  that  the 
Working  Group  of  the  Reference  .System  should  rediscuss  the  definition  of  UT. 
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rHE  LlHKftGE  BETWEEN  RADIO  AND  OPTICAL  COORDINATE  SYSTEMS:  PROGRAM  CONFOR 

1.1.  KDMKOVa’  ,  V  .  V .  r  E  L  '  NJ  DK- ADAMCHUK  ,  L  .  l .  bash  I  ova  ,  W  .  K  .  D  ICK , 
R.Ya.lNASAKlDSE  and  B.N.IRKAEV 
1.  Institute  at  fippiiec  Astrcncaty 
8  IhUdnovsKaya  ul. 

1 9/042  Leningrad. 0888 


ABSIRACI.  The  present  status  and  prospects  ot  program  CONFOK-Connection 
of  Frames  in  Optic  and  Radio,  are  described.  It  is  supposed  that 
positions  ot  extragaiactic  obiects  and  intermediate  stars  in  200  areas 
will  be  obtained  in  FKS  system. 


Program  CONFOR  *•  Connection  or  Frames  in  Optic  and  Radio  intends  for 
the  linK  or  optical  counterparts  of  compact  extragaiactic  radio  sources 
witri  tundamentai  coordinate  system.  It  was  described  [1]  at  lAU  Bymp. 
No  141  '  inertial  coordinate  system  on  the  sKy  ’  at  1V89  in  Leningrad. 
It  is  planned  that  optical  coordinates  or  about  200  radio  sources 
will  be  determined  in  FKb.  ihe  radio  sources  are  extracted  from  the  list 
of  Argue  et  al.  [2],  which  considered  now  as  a  basis  tor  construction 
ot  radio  coordinate  system. 

One  part  of  the  program  is  a  determination  or  reterence  stars 
coordinates  in  neighborhof.>ds  or  radio  sources  by  meridian  observations. 
This  part  is  considered  in  more  detail  in  the  paper  by  lei 'njuk-AdamchuK 
et  ai.,  presented  to  this  colloquium,  up  to  date  meridian  observations 
are  carried  out  ror  i6UU  stars,  about  two  thirds  specified  in  the 
program,  ihe  observatories  or  State  Kiev  University,  State  Odessa 
University.  Btate  Kazan  university  and  also  observatories  in  Belgrade, 
Bucharest  and  Bordo  take  part  in  this  observations. 
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According  to  program  CONFOR  it  is  necessary  to  determine  the 
coordinates  of  intermediate  reference  stars  of  12  -  14  stellar  magnitude 
for  areas  around  radio  sources,  which  is  faint  in  optics  .  For  a  few 
dozen  sources,  fainter  then  19  stellar  magnitude  the  secondary  systems 
of  intermediate  rererence  stars  or  16  -  18  stellar  magnitude  are 
introduced.  For  this  purpose  the  photographic  oloservations  are  carrying 
out  at  observatories  in  the  Abastumani  (K.  Ya.  inasaridze)  and  Kitab 
(L.  I.  Bashtova)  with  Zeiss  -  400  astrographs.  fhe  photographic 
observations  of  the  intermediate  stars  also  are  carrying  out  in 
Astronomical  observatory  of  State  Kiev  University  with  20  -  cm 
astrograph  (S.  V.  Rasechnick ) .  Up  to  date  it  is  obtained  the  plates  for 
more  than  i/0  areas,  fhe  measurements  of  images  and  data  processing  are 
executing. 

Photographic  observations  of  compact  extragalactic  radio  sources  are 
performing  by  means  of  i~m  RCC  telescope  of  Institute  or  Astrophysics 
of  fa.Uk  AS  (  8.  N.  irkaev)  and  lautenburg  Schmidt  telescope  of  Central 
Institute  of  Astrophisiics  iw.  R.  Uick),  Astrometric  investigations  or 
these  instruments,  with  mostly  used  tor  astrophysics  observations  have 
been  fulfilled,  it  was  shown  that  accuracy  oT  obtained  positions  is 
saticfactory  for  the  task  of  the  program  namely  for  1  -  m  RCC  VMS  is 
0."04  and  for  Schmidt  Telescope  better  then  U."lb.  For  each  area  two  or 
more  plates  are  taken.  At  present  it  is  obtained  more  than  2/0  plates 
tor  100  objects.  * 


Fig.  1 
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Fig.  2 

L)is"ribution  of  obtained  plates  with  intermediate  reference  stars  in 
celestial  sphere  is  presented  at  Fig.  l,and  with  extragalactic  objects 
at  Fig.  2. 

The  program  CUNFOK  also  is  caring  out  in  Main  Astronomical 
observatory  of  Ukrainian  Academy  of  Sciences  and  in  State  Sternberg 
Astronomical  Institute. 

rhe  main  results  or  CUNFOR  is  supposed  to  be  the  catalogues  of 
positions  of  extragalactic  objects  in  FKb  -  system  and  coordinates  of 
intermediate  reference  stars.  It  is  supposed  to  determine  the  systematic 
differences  between  radio  and  optical  coordinate  systems  and  their 
relative  orientation. We  are  intend  to  use  the  methods  developed  in 
previous  works  [4]  specially  tor  this  program,  fhsse  results  of  the 
program  CUNFOR  are  expected  to  the  end  of  IVVl  year. 
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1.0  INTRODUCTION 

The  celestial  positions  of  extragalactic  radio  sources 
may  be  determined  to  a  precision  of  less  than  a  millia- 
rcsecond.  Further,  since  these  sources  are  believed  to 
be  at  great  distances  from  the  galaxy,  little  or  no 
proper  motion  is  expected  on  scales  of  order  a 
milliarcsecond.  Therefore  a  reference  frame  based  on  the 
positions  of  carefully  selected  sources  so  that  display 
compact  radiation  c  i  scales  less  than  a  milliarcsecond 
wj 11  noticeably  improve  the  precision  of  present 
celestial  reference  frames.  If  the  radio  objects  making 
up  the  reference  frame  also  emit  radiation  at  optical 
wavelengths,  and  assuming  the  optical/radio  radiation  is 
coincident,  tJ- e  radio  frame  can  update  the  optical  frame 
to  the  accuracy  of  the  individual  optical  positions. 
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The  lAU  Working  Group  on  the  Radio/Optical  Reference 
Frame,  formed  by  Commission  24  in  1978,  has  as  its 
charter  to  draw  up  a  list  of  suitable  candidates.  A 
candidate  list  of  234  sources  was  drawn  up  with  their 
positions  based  on  a  weighted  mean  by  error  of  9  radio 
catalogs  and  had  an  average  accuracy  better  than  0.01 
arcsec  (Argue  et  al.  1984). 

A  program  to  establish  a  radio/optical  reference  frame 
was  undertaken  in  1987  and  is  described  in  lAU  Symposium 
129  (Johnston  et  al.  1987) .  This  program  has  as  its  goal 
the  establishment  of  a  reference  frame  based  on  the 
radio/optical  positions  determined  for  400  sources 
uniformly  distributed  over  the  entire  celestial  sphere. 
These  sources  are  to  be  compact  in  their  radio/optical 
emission.  They  should  be  brighter  than  visual  magnitude 
19  and  have  a  total  flux  density  greater  than  1  Jy  at  5 
GHz.  The  method  of  construction  of  the  reference  frame 
is  to  adopt  the  radio  positions  as  the  reference 
positions  of  the  frame  and  upgrade  the  optical  frame  by 
adopting  the  radio  positions.  In  particular  this  program 
will  provide  a  major  contribution  to  the  absolute 
orientation  of  the  anticipated  HIPPARCOS  stellar  net 
currently  under  observation. 

2 . 0  SOURCE  SELECTION 

The  first  step  is  the  selection  of  approp.  ^  =?.te  sources 
that  have  compact  emission  at  radio  wavelengths.  The 
spatial  distribution  of  these  sources  is  to  be  one  every 
100  square  degrees. 

At  the  initiation  of  this  program  in  1987  there  was  a 
much  greater  knowledge  of  the  characteristics  of  compact 
radio  sources  in  the  northern  hemisphere.  This  was 
simply  due  to  the  large  number  of  VLSI  facilities  and 
organized  VLBI  networks  such  as  the  US  Network  and  the 
European  VLBI  Network  as  well  as  extensive  observing 
campaigns  by  NASA's  Crustal  Dynamics  Program  using 
numerous  telescopes.  There  were  approximately  eighty 
sources  north  of  the  equator  and  forty  sources  south  of 
the  equator  with  positions  of  order  a  few 
milliarcseconds.  However,  no  attempt  was  made  in  the 
programs  which  determined  these  positions  to  identify 
them  and  determine  whether  they  had  optical  counterparts. 

One  of  the  primary  tasks  currently  underway  is  the 
selection  of  the  400  sources  with  the  appropriate 
radio/ optical  emission  for  the  reference  frame.  We  are 
vourrently  sorting  the  sources  into  3  lists  —  primary, 
preliminary,  and  proposed  sources  —  which  are  described 
in  detail  at  this  meeting  in  Russell  et  al.  The 
preliminary  sources  need  further  data  and  must  be  checked 
for  source  structure.  The  proposed  sources  have  not  been 
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observed  yet,  but  will  be  used  as  a  list  of  candidates 
from  which  to  fill  in  the  sparse  areas  of  the  global 
distribution. 

As  of  this  meeting,  the  lists  of  primary,  preliminary  and 
proposed  candidates  contain  220,  139  and  160  sources, 
respectively.  Many  sources  are  also  listed  which  will 
not  be  suitable  for  the  reference  frame  because  of 
problems  with  radio  structure,  optical  magnitudes  which 
are  too  faint,  no  identifiable  optical  counterparts,  etc. 
The  refinement  of  the  lists  will  continue  until  the  final 
catalog  is  completed,  but  we  expect  to  have  finished 
sorting  sources  into  these  lists  by  the  time  of  the 
Twenty-First  lAU  General  Assembly  in  1991. 

3.0  OBSERVING  PROGRAM 

The  radio  positions  are  determined  using  Very  Long 
Baseline  Interferometry  (VLBI) .  All  observations  are 
made  using  the  Mark  III  VLBI  recording  system  and  at  two 
frequencies  spanning  S  and  X  Bands.  Stations  in  the 
northern  hemisphere  that  have  been  employed  in  this 
program  have  been  Green  Bank  and  Maryland  Point  on  the 
east  coast  of  the  U.S.,  Hat  Creek  on  the  West  Coast  of 
the  U.S.,  Fairbanks,  Alaska  for  a  northern  site  and 
Hawaii  for  a  far  western  site.  Observations  of  the 
northern  sources  are  made  annually.  In  the  southern 
hemisphere,  the  stations  are  Tidbinbilla,  Australia, 
Hobart,  Tasmania  and  Hartebeesthoek  South  Africa. 
Because  of  the  limited  resources  available,  the  southern 
sources  are  not  observed  as  often  but  whenever  possible. 
The  precision  for  the  VLBI  observations  is  1  mas  in  the 
northern  hemisphere  and  2  to  10  mas  in  the  southern 
hemisphere  due  to  the  limited  observations  and  system 
calibration. 

The  optical  program  determines  the  position  of  the 
extragalactic  radio  source  via  a  minimum  of  two  long 
focus  plates  obtained  with  a  4  meter  class  prime  focus 
telescope  for  the  fainter  sources  of  visual  magnitude 
greater  than  18,  or  various  R.C.  telescopes,  as  for 
example  the  Calar  Alto  2.2  m  for  the  brighter  sources. 
The  telescopes  must  have  an  astrometrically  useable  field 
of  30  areminutes  diameter  to  provide  the  necessary 
density  of  secondary  reference  stars,  mainly  in  the 
magnitude  range  12-15.  A  major  problem  is  the  modeling 
of  the  large  optical  distortion  of  most  prime  focus 
correctors.  The  system  of  secondary  reference  stars  for 
each  extragalactic  source  field  is  obtained  from  four 
wide  field  astrograph  plates. 

The  prime  focus  plates  allow  the  determination  of  the 
position  relative  to  the  "local"  field  stars  located 
within  one  degree  of  the  object.  The  astrograph  plates 
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with  a  field  of  approximately  five  degrees  on  a  side  make 
it  possible  to  determine  the  relationship  of  the  "local” 
field  stars  to  FK5  system  via  the  IRS  reference  stars. 
The  average  precision  of  the  optical  source  positions  is 
10  to  50  mas. 

The  prime  focus  telescopes  currently  used  are  the  Kitt 
Peak  4m,  the  AAT  3.9m  and  ESO  3.6m.  The  astrographs  are 
the  Hamburg  Observatory  astrograph,  the  USNO  astrograph 
at  Black  Birch  Astronomical  Observatory  and  the  Lick 
Observatory  20  inch  astrograph.  All  astrographs  are 
used  in  the  yellow  spectral  range,  as  provided  by 
103aG+OG515  plate-filter  combination  (Hamburg  and  Lick) 
and  103aG+GG495  (Black  Birch) .  Typically  about  70-100 
secondary  reference  stars  inside  a  1x1  degree  field 
centered  at  the  source  position  are  measured.  Based  on 
4  plates,  the  accuracy  of  a  single  reference  star 
position  is  about  0.06  arcsec.  In  addition  to  the 
photographic  plates  deep  CCD  images  are  taken  to  evaluate 
possible  optical  structure,  particularly  for  low  redshift 
sources . 

The  source  list  is  about  65%  quasars,  10%  BL  Lac's  and 
10%  compact  galaxies;  the  remainder  are  unidentified  or 
empty  fields.  The  present  distribution  covers  the  whole 
sky,  with  slightly  more  sparse  coverage  in  the  south  and 
with  the  largest  gaps  along  the  galactic  plane.  The 
unidentified  sources  are  at  present  carried  in  the 
program  until  their  identifications  are  made  or,  if  not 
they  will  be  removed  from  the  program. 

4 . 0  PRESENT  STATUS 

The  source  positions  are  adopted  from  the  radio.  The 
data  are  the  Mark  III  group  delays  and  phase  delay  rates. 
In  the  data  reduction  of  the  radio  observations  (Ma  et 
al.  1990)  the  lAU  sanctioned  definitions  of  precession, 
sidereal  time  (J2000.0)  and  nutation  (lAU  1980),  and  the 
PEP  ephemeris  for  the  solar  system  model  are  used.  The 
troposphere  is  calibrated  using  the  CfA  2.2  model  or  the 
Chao  model.  The  differential  pathlength  due  to  the  iono¬ 
sphere  is  calibrated  out  by  use  of  simultaneous  dual 
frequency  S/X  observations.  The  cable  delays  in  the 
systems  are  calibrated  using  a  phase  calibration  signal 
at  each  site.  Source  positions  are  solved  for  globally, 
while  site  positions,  nutation  offsets  in  longitude  and 
obliquity,  clock  offsets,  zenith  atmosphere  delays  and 
rates  solved  for.  From  the  individual  data  bases,  a 
reference  date  of  1980  October  17  is  presently  being  used 
(Ma  et  al.  1990) . 

The  first  portion  of  the  radio/ optical  data  was  published 
in  Ma  et  al.  (1990)  and  was  based  on  the  geodetic  data 
available  from  the  data  base  maintained  at  the  Crustal 
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Dynamics  Project  (CDP) .  The  zero  point  of  right 
ascension  was  established  from  optical  positions  of  28 
quasars  determined  on  the  system  of  the  FK5,  with  a 
precision  of  about  20  mas.  Additional  publications  in 
preparation  contain  additional  sources.  These 
publications  contain  radio  positions  for  325  sources  with 
an  average  precision  better  than  1  mas.  By  mid~1990  we 
had  obtained  VLBI  observations  of  422  sources,  including 
69  whose  positions  are  not  yet  reduced. 

In  general  the  optical  photographic  program  has  been  more 
difficult  to  accomplish.  Not  only  have  we  had  to  contend 
with  the  expected  problems  of  cloudy  weather  and  bad 
seeing,  but  the  most  difficult  problem  has  been  the 
availability  of  time  on  large  telescopes  needed  to  take 
the  prime  focus  plates  for  these  faint  objects.  These 
large  instruments  are  needed  to  obtain  plates  with 
measurable  positions  of  19th  magnitude  objects  relative 
to  intermediate  reference  stars  which  can  be  tied  to  the 
fundamental  system.  It  is  imperative  that  more  large 
telescope  time  be  made  available  for  this  type  of 
astrometric  observations.  Furthermore  the  data 
accumulation  on  the  southern  hemisphere  has  been  even 
more  difficult.  The  number  of  sources  where  sufficient 
source  plates,  normally  2-4,  are  available  is  about  150 
on  the  northern  hemisphere  and  less  than  50  on  the 
southern  hemisphere  at  present.  We  expect  substantial 
improvements  from  adding  the  ESO  Schmidt  telescope  to  the 
program  on  the  southern  hemisphere  although  the  precise 
astrometric  reduction  of  Schmidt-type  plates  is  much  more 
complicated. 

5.0  ARCHIVAL  DATA  BASES 

Now  that  a  significant  fraction  of  the  data  for  the 
establishment  of  the  radio/ optical  reference  frame  has 
been  obtained,  the  long  term  archiving  of  this  data  is 
underway.  The  primary  goal  of  the  archive  is  to  have 
available  at  one  site  and  in  an  accessible  format  a  data 
base  of  all  of  the  original  data  obtained  at  both  the 
optical  and  radio  wavelengths.  This  can  be  easily 
accomplished  with  current  computer  technology,  which 
should  continue  to  improve. 

Having  centralized  data  bases  for  the  optical  and  radio 
data  would  allow  observations  to  be  rereduced  at  will. 
It  would  avoid  all  of  the  problems  associated  with  the 
formation  of  compilation  catalogs  and  give  future 
investigators  complete  flexibility  with  reference  frame 
work. 

The  largest  current  collection  of  radio  data  is  the 
Geodetic  data  base  currently  maintained  by  the  Crustal 
Dynamics  Project.  (We  will  not  include  radio 
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observations  before  about  1980  which  were  not  made  at 
dual  frequencies  since  they  cannot  be  reduced  satisfac¬ 
torily  for  ionospheric  effects.)  The  U.S.  Naval 
Observatory  and  the  Naval  Research  Laboratory  are 
beginning  a  new  program  to  archive  and  maintain  the  radio 
data  base,  including  the  CDP  collection  and  the 
additional  astrometric  VLBI  data  available  to  date.  This 
is  described  at  this  meeting  in  McCarthy  et  al.  With  the 
archive  the  radio  reference  frame  can  be  redefined  as 
necessary.  Finally  the  archive  will  provide  a  collection 
of  research  data  for  the  astrometric  community. 

A  similar  data  base  of  optical  data  is  being  created  at 
Hamburg  Observatory  and  will  be  duplicated  at  the  USNO. 
It  will  include  the  original  optical  plate  measurements 
and  CCD  frames.  With  the  data  centralized  and  available 
on-line,  any  change  in  the  reference  star  catalog, 
including  the  Hipparcos  net,  can  be  immediately 
incorporated  by  rereduction  of  the  original  data. 

6 . 0  FUTURE  PLANS 

The  future  plans  for  the  project  include  finishing  the 
original  catalog  of  400  sources  by  1991.  The 
establishment  of  the  data  bases  of  the  original  data  will 
allow  easy  updating  of  the  reference  frames  in  a 
consistent  manner  and  system  when  needed,  about  every  5 
years,  and  allow  for  continued  research  in  the  field 
without  the  hazards  of  depending  on  compilation  catalogs. 
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ABSTRACT.  Comparisons  between  sets  of  radio  source  coordinates  determined  from 
independent  VLBl  measurements  show  that  rotational  offsets  can  be  as  large  aa  several 
milliarcseconds  (mas),  and  are  considerably  larger  than  the  positional  uncertainties  (<1 
mas).  The  1  to  2  mas  discrepancies  remaining  after  removal  of  the  rotational  offsets 
indicate  the  present  true  level  of  accuracy.  Analyses  of  DSN  and  CDP  astrometric  data 
are  performed  to  explore  the  effects  of  alternative  schemes  of  nutation  modeling  on  such 
catalog  comparisons.  It  is  concluded  that  rotations  between  different  source  catalogs  are 
minimized  or  eliminated  if  the  nutation  models  employed  are  consistent.  Intrinsic  source 
coordinate  discrepancies,  however,  remain  at  the  1  mas  level. 


1.  Introduction 

During  the  past  several  years,  frequent  comparisons  have  been  made  between  radio  source 
positions  determined  from  Deep  Space  Network  (DSN),  Crustal  Dynamics  Project  (CDP), 
and  International  Radio  Interferometric  Surveying  (IRIS)  VLBI  data.  Such  comparisons 
serve  to  establish  the  level  -of  systematic  errors.  Comparisons  for  recent  data  arc  consid¬ 
ered  in  Section  2.  Typically,  the  three-dimensional  rotational  offsets  that  are  required  to 
bring  these  three  source  catalogs  into  best  coincidence  range  up  to  several  milliarcseconds 
(mas),  and  are  considerably  larger  than  the  positional  uncertainties  (<1  mas).  Section  3 
presents  analyses  of  DSN  and  CDP  astrometric  data  that  were  performed  in  an  effort  to 
understand  orientational  and  intrinsic  source  coordinate  discrepancies.  All  parameter  es¬ 
timation  employs  the  JPL  VLBI  modeling  and  estimation  software  MODEST.  Variants  of 
nutation  modeling  include  estimates  of  daily  angles,  estimates  of  precession  and  nutation 
amplitudes,  and  adoption  of  the  recent  Zhu  et  al.  (1990)  revision  of  1980  lAU  nutation. 


2.  Comparisons  of  Source  Catalogs 

The  lERS  Annual  Report  for  1989  (lERS,  1990)  reports  a  radio  reference  frame  based  on 
combinations  of  four  independently  determined  sets  of  radio  source  coordinates.  These 
are  based  on  the  VLBI  observing  programs  of  the  Goddard  Space  Flight  Center  (Crustal 
Dynamics  Project  (CDP),  Ma  et  al.,  1990),  the  Jet  Propulsion  Laboratory  Deep  Space 
Network  (DSN)  (Sovers  et  al.,  1988),  the  National  Geodetic  Survey  (International  Radio 
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Interferometric  Surveying  (IRIS),  Robertson  et  at.,  1986),  and  the  U.S.  Naval  Observa¬ 
tory  (USNO,  Eubanks  e*  at.,  19M).  Although  the  modeling  of  VLBI  observables  in  all 
four  projects  largely  conforms  to  the  lERS  Standards  (lERS,  1989),  there  is  one  major 
exception.  It  has  been  known  for  a  number  of  years  that  VLBI  data  clearly  demonstrate 
the  inadequ2w:y  of  the  lAU  models  for  the  Earth’s  nutation  and  precession  (Herring  et 
at.,  1986).  Consequently  routine  VLBI  data  analysis  includes  some  means  of  correct¬ 
ing  this  deSciency.  This  usually  takes  the  form  of  estimating  the  nutation  angles  in 
longitude  and  obliquity  for  each  24-hour  observing  session.  In  order  to  fix  the  relative 
orientations  of  the  terrestrial  and  celestial  coordinate  systems,  one  session  is  adopted  as 
the  “reference  day”,  for  which  the  1980  lAU  nutation  angles  are  adopted  and  not  al¬ 
lowed  to  vary.  In  the  past,  there  has  been  no  agreement  on  a  common  reference  day 
between  the  various  observing  programs,  partly  due  to  scarcity  of  overlapping  experi¬ 
ments.  This  has  contributed  to  some  obscurity  in  interpreting  comparison  of  results,  and 
thus  in  assessing  the  true  accuracies  of  the  VLBI-measured  coordinates  of  radio  sources. 

Table  1.  Typical  Source  Position  Comparisons 


Pair 

N, 

B 

A2 

As 

A  arc 

IERS90  -  IERS89 

M 

0.1 

0.3 

0.1 

n 

2.2 

IERS88 

m 

0.6 

0.0 

0.5 

B 

2.9 

IERS90-  JPL90 

175 

-0.4 

-0.6 

0.0 

B 

1.3 

GSFC90 

71 

-1.3 

-2.5 

0.3 

0.6 

NGS90 

69 

-1.4 

-0.9 

0.2 

0.9 

0.9 

USNO90 

74 

-1.6 

-2.4 

-0.0 

0.7 

2.0 

JPL90  -  GSFC90 

52 

-1.9 

-3.1 

0.7 

1.8 

1.2 

NGS90 

51 

-2.2 

-1.4 

0.5 

2.1 

1.6 

USNO90 

61 

-1.9 

-2.9 

0.3 

1.6 

3.2 

To  give  some  examples  of  comparisons  of  various  radio  reference  frames,  Table  1 
presents  three  groups  of  results.  The  first  two  pairs  are  comparisons  of  the  three  lERS 
combined  catalogs  for  1988,  1989,  and  1990.  Here,  N,  is  the  number  of  common  sources, 
Ai_3  are  the  x,y,z  rotation  angles  (applied  to  the  second  member  of  each  pair)  that 
bring  the  two  catalogs  into  best  coincidence,  xl  is  the  chi-square  per  degree  of  freedom 
in  coordinate  differences  after  removal  of  the  rotational  offset,  and  Aarc  is  the  RMS  arc 
length  difference  for  all  pairs  of  sources.  Since  special  pains  are  taken  to  ensure  stablity 
of  the  lERS  catalogs  from  year  to  year,  it  is  not  surprising  that  the  rotational  offsets 
between  the  current  one  and  the  1988  and  1989  versions  are  only  a  few  tenths  of  mas. 
The  second  group  of  comparisons  in  Table  1  are  between  the  current  lERS  catalog  and 
its  four  constituents.  Here  it  is  obvious  that  a  number  of  rotational  offsets  can  exceed 
the  mean  formal  source  coordinate  uncertainties,  and  can  be  larger  than  2  mas.  The  last 
group  of  re.sults  shows  comparisons  between  the  four  constituents  of  the  IERS90  catalog, 
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with  rotations  ranging  up  to  3  mas.  The  accuraury  level  of  present  VLSI  source  coordi¬ 
nates  (for  50  to  60  of  the  best-determined  objects)  appears  to  be  1-2  mas.  Normalized 
chi-squares  exceed  unity,  indicating  that  the  formal  uncertainties  may  be  underestimates 
of  the  true  accuracies. 


3.  Effects  of  Alternative  Nutation  Modeling 

The  four  component  catalogs  of  IERS90,  whose  mutual  rotational  offsets  were  shown 
in  the  last  three  rows  of  Table  1,  all  employ  different  nutation  models.  For  GSFC90, 
NGS90.  and  USNO90,  daily  nutations  in  longitude  and  obliquity  were  estimated,  with 
separate  reference  days,  while  the  JPL  fit  estimated  precession  and  amplitudes  of  selected 
nutation  components.  Exploratory  fits  were  performed  in  order  to  determine  whether  the 
large  rotational  offsets  and  RMS  arclength  discrepancies  are  connected  to  the  disparate 
nutation  modeling.  Subsets  of  the  observations  entering  the  determinations  of  JPL90 
(9000  delay-delay  rate  pairs,  1978-89)  and  GSFC90  (25000  intercontinental  D-DR  pairs, 
1979-89)  were  studied.  All  parameter  estimation  employed  the  JPL  VLSI  modeling  and 
estimation  software  MODEST  (Sovers  and  Fanselow,  1987).  Fits  were  performed  to  obtain 
positional  coordinates  of  radio  sources,  time  rates  of  station  motion,  and  the  usual  clock 
and  troposphere  parameters  (one  every  3  hours  for  the  latter).  Corrections  to  the  lAU 
nutation  model  took  various  forms:  separate  as  well  as  identical  nutation  reference  days 
for  separate  fits,  estimates  of  nutation  amplitudes  and  precession,  and  a  nutation  model 
fixed  at  the  results  of  Zhu  et  al.  (1990). 

Table  2.  Source  Position  Comparisons 

(Variants  of  Nutation  Modeling) 


Pair 

N. 

B 

Az 

As 

A  arc 

JPL  (B)  -  GSFC(A) 

36 

n 

n 

1.5 

1.2 

GSFC  (C)  -  GSFC(A) 

49 

mm 

(0) 

(0) 

JPL  (C)  -  GSFC(C) 

36 

B 

0.0 

1.2 

1.2 

JPL  (S)  -  GSFC(S) 

36 

n 

0.5 

0.2 

6.2 

1.9 

JPL  (Z)  -  GSFC(Z) 

36 

1.2 

0.3 

6.9 

2.1 

JPL  (N)  -  GSFC(N) 

36 

0.0 

0.0 

0.0 

3.1 

1.4 

A  =  1980.9  reference  day 

B  =  1983.4  reference  day 

C  =  1983.9  reference  day 

S  =  Standard  1980  lAU  nutation  model 

Z  =  Zhu  et  al.  nutation  model 

N  =  Nutation  amplitudes  +  precession  estimated 


Table  2  summarizes  the  results  of  source  coordinate  comparisons  between  selected  pairs 
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of  catalogs  yielded  by  the  analyses.  The  first  pair  of  catalogs  was  generated  by  fits 
estimating  daily  nutation  angles,  with  separate  reference  days  2.5  years  apart.  To  give 
an  indication  of  the  quality  of  the  source  coordinates,  the  RMS  formal  uncertainties  for 
the  36  sources  in  common  are  0.6  mas  for  RA  and  0.7  mas  for  declination  for  JPL(B), 
and  (0.5,  0.6)  mas  for  GSFC(A).  Average  observation  epochs  are  substantially  different 
for  some  sources:  the  RMS  epoch  difference  is  1.6  years.  The  rotations  Ai  and  Aj  are 
qualitatively  consistent  with  the  known  differences  in  corrections  to  Atp  and  Ae  between 
1980.9  and  1983.4. 

To  give  an  even  clearer  demonstration  of  the  role  of  the  nutation  reference  day  in 
catalog  comparisons,  the  second  pair  in  Table  2  is  a  comparison  of  two  catalogs  derived 
from  identical  data  and  identical  modeling,  with  the  sole  exception  of  a  different  nutation 
reference  day.  A  large  rotational  offset  is  seen.  As  the  last  of  fits  estimating  nutation 
angles,  the  third  pair  in  Table  2  compares  JPL  and  GSFC  source  positions  with  the  same 
nutation  reference  day.  This  day  is  18  November  1983,  when  both  JPL  and  GSFC  had 
observing  sessions  between  North  America  and  Europe.  The  angles  Ai  are  seen  to  be 
much  reduced;  they  amount  to  only  fractions  of  the  catalog  uncertainties. 

The  last  three  JPL-GSFC  pairs  were  generated  by  fits  that  fixed  the  nutation  model 
as  either  the  1980  lAU  or  the  Zhu  et  al.  series,  or  estimated  precession  and  selected 
nutation  amplitudes.  With  nutation  fixed  either  at  the  1980  lAU  (S)  or  Zhu  et  al.  (Z) 
series,  the  rotational  offsets  are  small.  The  exception  is  the  angle  A2,  which  is  caused 
by  the  precession  model  defect  in  combination  with  source  coordinate  observation  epoch 
differences.  The  normalized  chi-square  values  with  either  the  S  or  Z  nutation  models  show 
that  fits  to  the  VLBI  data  are  not  as  good  as  those  in  which  daily  angles  are  estimated. 
The  last  line  in  Table  2  shows  a  comparison  between  source  positions  derived  from  fits  in 
which  the  precession  constant  and  a  number  of  in-  and  out-of-phase  nutation  amplitudes 
are  estimated.  Three  nearly  mutually  orthogonal  coordinates  (RA  and  declination  of  OJ 
287,  declination  of  CTD  20)  are  constrained  to  the  IERS90  values,  and  small  rotations 
around  the  x  and  y  axes  are  estimated,  as  in  the  procedure  of  Steppe  et  al.,  1989.  Such 
fits  ensure  that  any  rotational  offsets  are  eliminated  internally,  and  the  resulting  source 
catalogs  show  zero  relative  rotation. 

In  conclusion,  significant  rotations  between  different  source  catalogs  are  minimized  or 
eliminated  if  care  is  taken  to  ensure  that  the  nutation  models  used  in  the  analyses  are 
consistent.  Intrinsic  source  coordinate  discrepancies  are  presently  of  the  order  of  1  ma.s. 


4.  Conclusions 

Rotational  offsets  between  catalogs  of  independently  determined  source  positions  may 
be  eliminated  either  by  adopting  the  same  model  of  nutation,  or  by  estimating  precession 
and  nutation  amplitudes  in  the  original  data  analyses.  If  daily  nutations  in  longitude  and 
obliquity  are  to  be  estimated  instead,  then  source  catalog  rotational  offsets  are  minimized 
if  the  same  reference  day  is  adopted.  In  the  latter  case,  the  rotation  is  not  completely 
eliminated,  but  reduced  to  well  below  the  level  of  formal  catalog  uncertainties.  With 
either  scheme,  for  the  sample  data  considered  here,  the  coordinate  discrepancies  after 
removal  of  the  rotation  are  of  the  order  of  1  mas  (somewhat  larger  than  the  RMS  catalog 
uncertainties.)  Normalized  chi-squares  exceed  unity,  indicating  that  the  formal  ers  are 
underestimates  of  the  true  accuracies.  As  additional  experiments  reduce  formal  uncer¬ 
tainties  to  the  0.1  mas  level,  improved  modeling  of  source  structure  (Chariot,  1990)  and 
dynamic  troposphere  variations  (TVeuhaft  and  Lanyi,  1987)  will  be  imperative  to  bring 
accuracy  to  the  same  level. 


134 


Acknowledgments 

I  thank  Dr.  Chopo  Ma  for  providing  the  GSFC  VLBI  observations.  The  research  de¬ 
scribed  in  this  report  was  carried  out  by  the  Jet  Propulsion  Laboratory,  California  Insti¬ 
tute  of  Technology,  under  a  contract  with  NASA. 


References 

Chariot,  P.:  1990,  Astron.  Astropbya.  99,  1309. 

Eubanks,  T.  M.,  Carter,  M.  S.,  Jostles,  F.  J.,  Matsakis,  D.  M.,  and  McCarthy,  D.  D.: 
1990,  Paper  presented  at  this  meeting. 

Herring,  T.  A.,  Gwinn,  C.  R.,  and  Shapiro,  1. 1.:  1986,  J.  Geophys.  Res.  91,  4745. 
International  Earth  Rotation  Service;  1989,  lERS  Standards,  IBRS  Technical 
Note  3,  Ed.  D.  D.  McCarthy,  Paris,  France. 

International  Earth  Rotation  Service:  1990,  Annual  Report  for  1989,  Paris,  France. 
Ma,  C.,  Sh^-ffer,  D.  B.,  de  Vegt,  C.,  Johnston,  K.  J.,  and  Russell,  J.:  1990, 

Astron.  J.  99,  1284. 

Melbourne,  W.,  Anderle,  R.,  Feissel,  M.,  King,  R.,  McCarthy,  D.,  Smith,  D., 

Tapley,  B.,  Vicente,  R.;  1983,  Project  MERIT  Standards,  USNO  Circular 
No.  167,  Washington,  D.C. 

Robertson,  D.  S.,  Fallon,  F.  W.,  and  Carter,  W.  E.:  1986,  Astron.  J.  91,  1456. 
Sovers,  O.  J.,  Edwards,  C.  D.,  Jacobs,  C.  S..  Lanyi,  G.  E.,  Liewer,  K.  M.,  and 
Treuhaft,  R.  N.;  1988,  Astron.  J.  95,  1647. 

Sovers,  O.  J.,  and  Fan.selow,  J.  L.:  1987,  JPL/NASA  Publ.  83-39,  Rev.  3. 

Jet  Propulsion  Laboratory,  Pasadena,  Calif. 

Steppe,  J.  A.,  Oliveau,  S.  H.,  and  Sovers,  O.  J.:  1990,  lERS  Technical  Note  2, 

Paris,  France. 

'IVeuhaft,  R.  N.,  and  Lanyi,  G.  E.:  1987,  Radio  Sci.  22,  251. 

Zhu,  S.  Y.,  Groten,  E.,  and  Reigber,  Ch.:  1990,  Astron.  J.  99,  1024. 


135 


STABILITY  OF  THE  EXTRAGALACTIC  REFERENCE  FRAME  REALIZED  BY  VLBI 


C.  MA  and  D.  B.  SHAFFER 
Geodynamics  Branch 
Goddard  Space  Flight  Center 
Greenbelt,  MD  20771 
USA 


ABSTRACT.  The  318  compact  extragalactic  radio  sources  with  positions  derived  from  dual  frequency 
Mark  III  VLBI  data  acquired  by  the  geodetic  and  astrometric  programs  of  NASA,  NOAA,  NRL  and  USNO 
form  a  celestial  reference  frame  with  stability  in  orientation  and  relative  position  at  the  1  mas  level.  This 
paper  examines  the  reference  frame  realized  using  461,000  observations  from  1021  observing  sessions 
between  1979  August  and  1990  August  in  the  NASA  Crustal  Dynamics  Project  VLBI  data  base.  Catalogs 
of  positions  estimated  from  subsets  of  data  (annual,  sea.sonal,  network)  show  differences  in  orientation 
typically  less  than  1  mas  provided  precession  and  nutation  are  adjusted  using  a  reference  day.  For  17 
sources  with  >5  year  time  span  and  >200  one-day  position  estimates,  the  rates  of  change  of  right 
ascension  and  declination  are  generally  less  than  S  mas/century,  giving  upper  limits  on  real  motion. 


1.  Introduction 

A  kinematically  fixed  celestial  reference  frame  can  be  realized  from  VLBI  (Very  Long  Baseline 
Interferometry)  observations  of  compact  extragalactic  radio  sources.  Since  most  of  these  radio  sources 
have  optical  counterparts  (albeit  faint)  that  can  be  measured  in  the  conventional  FK5  frame,  this  radio 
reference  frame  can  anchor  the  stellar  frame.  The  level  of  stability  of  the  radio  reference  frame  is  thus 
of  considerable  importance.  This  paper  discusses  two  aspects  of  stability:  the  global  orientation  of  the 
frame  and  individual  source  positions  relative  to  the  frame.  Tlie  current  distribution  of  the  data  and 
progress  in  analysis  are  briefly  reviewed. 

This  paper  is  an  extension  of  the  work  described  in  Robertson  et  al.  (1986),  Ma  et  al.  (1986),  Ma  et 
al.  (1990),  Ma  (1990)  and  Russell  et  al  (in  press).  A  parallel  and  completely  independent  effort  is 
described  in  Fanselow  et  al  (1984),  Severs  et  al  (1988),  Severs  (1990),  and  Severs  (this  volume).  The 
comparison  and  convergence  of  these  independent  catalogs  indicate  that  milliarcsecond  (mas)  accuracy  has 
been  achieved. 


2.  Data 

The  461,000  dual  frequency  Mark  111  observations  used  for  this  work  can  be  divided  into  four  categories 
from  three  geodetic  programs  and  the  combined  astrometric  effort:  1)  206,000  observations  from  the 
Crustal  Dynamics  Project  (CDP)  of  the  National  Aeronautics  and  Space  Administration  (NASA)  acquired 
at  irregular  intervals  beginning  in  1979  and  using  many  networks  around  the  globe,  2)  21 0,000  ob.servations 
from  the  IRIS  program  of  the  National  Oceanic  and  Atmospheric  Administration  (NOAA)  acquired  at 
regular  intervals  beginning  in  1980  using  a  small  number  of  networks,  3)  29,000  obsers'ations  from  the 
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Figure  1.  GLB677  sources  on  an  Aitoff  projection.  0  hr  at  right. 


Navnet  program  of  the  US  Naval  Observatory  (USNO)  acquired  at  weekly  intervals  beginning  in  1988  on 
a  network  normally  including  Hawaii,  Alaska,  West  Virginia  and  Florida,  and  4)  16,000  observations 
acquired  by  the  CDP,  Naval  Research  Laboratory  (NRL),  and  NOAA  astrometric  programs  from  various 
northern  and  southern  hemisphere  networks  in  48  sessions  since  1980.  Geodetic  data  from  small  ( <  2000 
km)  networks  were  not  included.  The  distribution  of  the  318  sources  with  useful  data  in  both  observing 
frequencies  is  shown  on  an  equal  area  projection  in  Figure  1.  While  the  spatial  distribution  is  quite 
uniform  (see  Ma,  1990),  Table  1  shows  that  the  distribution  of  the  number  of  observations,  the  number 
of  observing  sessions  and  time  spans  is  very  uneven.  Some  sourees  used  since  the  beginning  of  the 
geodetic  programs  have  tens  of  thousands  of  observations  from  hundreds  of  sessions  over  many  years  while 
the  majority  of  sources,  wliich  come  from  the  astrometric  programs,  have  very  few  observations  from  a 
small  number  of  sessions.  It  is  the  intention  of  the  NRL/USNO  astrometric  program,  however,  to  observe 
each  source  on  a  continuing  basis  as  scheduling  permits.  All  these  data  are  now  contained  in  the  CDP 
VLB!  data  base  and  can  easily  be  re-analyzed. 


Table  1.  Data  Distribution 


observations 

1-99 

100-999 

1000-9999 

>10000 

sources 

231 

39 

34 

14 

sessions 

1-2 

3-9 

10-99 

>100 

sources 

130 

96 

53 

39 

span  (days) 

1-99 

100-999 

>1000 

sources 

78 

113 

127 
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3.  Analysis 

The  data  from  the  1021  one-day  sessions  were  analyzed  as  a  whole  and  in  subsets  using  the  CALC/GLOBL 
software  developed  at  Goddard.  Details  of  the  parametrization  and  estimation  algorithm  are  given  in  Ma 
el  al.  (1990)  and  Ma  et  al.  (in  press).  The  a  priori  models  generally  follow  the  lERS  (International  Earth 
Rotation  Service)  standards  although  our  theoretical  VLBI  delay  model  departs  from  the  alternative  lERS 
algorithm  (McCarthy,  1989)  at  the  few  picosecond  rms  level.  It  should  he  noted  that  the  development  of 
the  relativistic  effects  on  VLBI  observations  is  more  complete  than  in  the  past.  Adjusted  parameters 
included  source  positions  from  the  ensemble  of  data  and  station  positions,  celestial  pole  offsets  in  longitude 
and  obliquity,  and  nui.sance  parameters  (station  clocks  and  residual  atmospheres)  for  each  session.  The 
parametrization  of  the  residual  atmosphere  (after  calibration  from  real-time  information)  permitted  better 
compensation  for  atmospheric  fluctuations  than  previous  astrometric  work.  The  post-fit  weighted  rms 
residual  from  the  GLB677  solution  that  generated  the  fall  cfl»«log  was  45  ps  and  the  reduced  ^  was  1.01. 
The  standard  errors  of  261  sources  are  less  than  1  m's  in  both  right  ascension  and  declination  while 
another  39  sources  have  standard  errors  less  than  3  nruts. 

Sovers  (this  volume)  discusses  different  methods  of  adjusting  the  conventional  precession/nutation  (P/N) 
models.  While  the  direct  adjustment  of  the  precession  constant,  nutation  coefficients  and  free  core  nutation 
is  possible  from  these  data,  this  method  requires  the  fall  time  span  to  give  a  useful  separation  of  the  longer 
periods.  In  addition,  it  cannot  handle  variations  which  may  not  be  at  the  modeled  frequencies.  Since  this 
paper  uses  catalogs  formed  from  short  subsets  of  data,  it  is  necessary  to  adopt  the  method  of  estimating 
daily  pole  offsets  from  the  pole  of  a  reference  day.  The  position  of  the  celestial  ephemeris  pole  of  the 
reference  day,  evaluated  from  the  conventional  P/N  models,  and  an  arbitrary  choice  of  right  ascension  zero 
point  (in  this  case  the  a  priori  right  ascension  of  one  source)  define  the  orientation  of  the  catalog  axes  with 
respect  to  the  observed  objects.  The  strength  of  the  catalog,  i.e.,  the  precision  of  the  angles  between 
sources,  is  improved  as  more  days  of  data  are  added.  All  the  sources  observed  on  each  day  need  not  be 
the  same  but  the  fall  catalog  must  be  constructed  from  days  with  overlapping  source  lists.  A  day  with  no 
sources  in  common  with  any  other  day  cannot  be  included  since  the  pole  offset  cannot  be  determined.  It 
should  be  noted  that  the  precision  of  source  positions,  as  opposed  to  the  precision  of  relative  angles, 
depends  on  the  precision  with  which  the  pole  of  the  reference  day  can  be  determined  from  the  data  of  the 
reference  day.  It  is  most  desirable  to  use  as  the  reference  day  one  which  has  a  large  network  and  high 
intrinsic  data  quality.  For  this  work  the  CDP  observing  session  of  86  Nov  5  was  arbitrarily  chosen.  The 
network  included  stations  in  Japan,  Alaska,  California,  Massachusetts  and  Germany,  and  the  pole 
determination  had  a  standard  error  of  0.17  mas.  There  are,  however,  other  CDP  days  with  even  better 
networks  and  data  distribution. 


4.  Stability  of  Orientation 

Tables  2  through  4  show  the  comparison  of  catalogs  derived  from  subsets  of  data  with  the  catalog 
constructed  using  all  the  data.  It  is  important  to  understand  that  each  subset  also  included  the  data  from 
the  reference  day.  The  numbers  of  sources  and  observations  refer  to  the  subset  catalog.  The  three  angles 
A,,  A2,  and  As  follow  the  conventions  of  Arias  et  al,  (1988)  and  represent  small,  rigid  rotations  about  the 
coordinate  axes  between  catalogs.  Sin5  is  a  systematic  variation  of  declination  with  declination  and  A5  is 
a  declination  offset.  The  large  variation  of  source  numbers  in  Table  2  and  3  arises  from  the  irregular 
scheduling  of  astrometry  sessions.  A  difference  in  observing  strategy  is  reflected  in  the  disparity  of 
numbers  for  IRIS  compared  to  Navnet.  The  slight  drop  in  the  number  of  observations  for  1990  is  caused 
by  having  data  only  through  August. 

It  can  be  seen  that  the  catalogs  made  from  individual  years,  from  different  seasons,  and  from  separate 
networks  differ  in  orientation  from  the  full  catalog  by  less  than  1  mas.  The  larger  declination  differences 
in  the  early  years  are  probably  caused  by  poor  network  distribution,  predominantly  single  baseline  sessions. 
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It  is  clear,  however,  that  the  observations  of  the  reference  day  determine  the  orientation  of  a  catalog  even 
if  the  vast  majority  of  the  data  are  removed  in  time  or  use  different  networks.  Similarly,  incrementing  a 
catalog  with  ^ditional  datr  will  not  significantly  change  its  orientation.  Errors  in  the  P/N  models  which 
would  cause  spurious  changes  in  position  with  time  are  entirely  absorbed  in  the  estimated  pole  offsets. 


Table  2.  Comparison  with  annual  catalogs 


Year 

sources 

obs 

A, 

sin5 

A5 

mas 

mas 

mas 

mas 

mas 

80 

28 

12000 

.1 

-.2 

-.1 

-1.7 

1.8 

81 

52 

10000 

,1 

-.2 

-.2 

-1.4 

1.5 

82 

35 

13000 

.1 

-.2 

-.1 

-1.5 

1.6 

83 

45 

15000 

.1 

-.4 

-.4 

-  .2 

.4 

84 

50 

34000 

.4 

.2 

.3 

.1 

.0 

85 

32 

48000 

.2 

.4 

.3 

-  .5 

.4 

86 

43 

52000 

-.3 

-.0 

.2 

-  .1 

-  .1 

87 

166 

68000 

.3 

.1 

-.1 

-  .6 

.6 

88 

213 

72000 

-.0 

-.1 

-.2 

-  .1 

.1 

89 

185 

73000 

.2 

.3 

-.1 

-  .3 

.0 

90 

146 

66000 

-.1 

-.3 

-.1 

.1 

-  .1 

Table  3.  Comparison  with  seasonal  catalogs 


sources 

A| 

mas 

A2 

mas 

H 

sin6 

mas 

A5 

mas 

Winter 

194 

-.1 

.1 

.1 

-.0 

.1 

Spring 

243 

-.0 

-.1 

.0 

.2 

-.2 

Summer 

230 

-.0 

-.1 

-.1 

-.3 

.1 

Autumn 

101 

.2 

.2 

.1 

-.3 

.3 

Table  4.  Comparison  with  network  catalogs 

sources 

Aj 

As 

sin5 

A6 

mas 

mas 

mas 

mas 

mas 

IRIS 

44 

-.1 

.0 

-.0 

-.1 

.1 

Nftvnet 

80 

-.0 

-.3 

.1 

.3 

-.4 
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If  the  conventional  P/N  model  is  not  adjusted,  both  the  orientation  and  the  relative  positions  of  the 
catalogs  are  compromised.  Table  S  shows  annual  catalogs  constructed  using  only  the  conventional  P/N 
model  conjured  to  the  full  catalog  with  P/N  adjusted.  There  are  large  variations  in  A,  and  Aj.  The  right 
ascension  zero  point  constraint  forces  the  much  smaller  variation  in  Aj.  The  column  labeled  fit  is  the  post- 
fit  weighted  rms  residual  of  the  annual  solution,  to  the  left  with  only  the  conventional  model  and  to  the 
right  with  adjustment  of  P/N.  Within  the  one-year  interval  the  error  in  nutation  causes  considerable 
spurious  variation  in  the  source  positions  and  a  poor  fit.  The  column  labeled  gives  the  reduced  ^  of 
the  catalog  comparison  after  the  rotation  has  been  applied.  The  larger  value  to  the  left  from  the 
comparison  with  annual  solutions  lacking  P/N  adjustment  reflects  distortions  caused  by  P/N  model  errors 
and  nonuniform  temporal  distribution  of  data  for  each  source.  The  smaller  value  to  the  right  shows  that 
the  difference  between  catalogs  derived  with  adjusted  P/N  models  is  entirely  a  rotation. 


Table  5.  Comparison  with  annual  catalogs  lacking 
adjustment  of  precession/nutation 


Year 

A, 

mas 

A2 

mas 

Aa 

mas 

fit 

ps 

x’ 

80 

-3.1 

-3,8 

-.5 

61/58 

.951.92 

81 

-1.6 

-2.8 

-.9 

52/50 

.98/.93 

82 

-1.0 

-3.0 

.0 

55/53 

1.01/.93 

83 

-1.1 

-2.5 

-.7 

61/57 

1.07/.97 

84 

-  .9 

-1.0 

-.1 

66/60 

1.13/.97 

85 

-  .8 

-1.7 

-.0 

55/48 

1.22/.94 

86 

-  .2 

-1.6 

.3 

51/45 

1.18/.93 

87 

-  .2 

-1.0 

.0 

51/45 

1.22/.94 

88 

-1.4 

-.6 

-.2 

47/40 

1.33/.97 

89 

-2.2 

.3 

.1 

50/39 

1.61/1.02 

90 

-4.4 

-.3 

-.2 

54/44 

1.63/1.09 

I 

j  5.  Stability  of  Individual  Source  Positions 

j  A  small  number  of  .sources  have  been  observed  repeatedly  in  the  geodetic  programs.  These  include  strong 

1  (>  1  Jy)  radio  sources  with  structure  on  the  few  mas  scale  that  were  used  in  the  early  years  when  the  VLBI 

systems  had  less  sensitivity.  These  sources  have  now  been  largely  relegated  to  observations  using  small 
mobile  antennas  where  sensitivity  is  still  a  problem  but  only  on  short  baselines  where  structure  is  less 
important.  Seventeen  sources  observed  for  more  than  5  years  in  more  than  200  sessions  were  used  to  study 
possible  changes  in  position.  Since  some  of  these  sources  are  now  no  longer  used  in  long  baseline 
networks,  a  catalog  was  constructed  using  both  long  baseline  fixed  antenna  and  short  baseline  mobile 
antenna  data.  The  position  of  each  lest  source  was  estimated  relative  to  all  the  other  sources  for  each  day 
in  which  the  test  source  was  observed.  Typical  standard  errors  for  these  one-day  estimates  of  position  are 
<  1  mas  from  days  with  large  networks.  The  time  series  of  positions  of  two  of  these  sources  are  shown 
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in  Figures  2  and  3  with  similar  vertical  scales.  The  source  3C273B  is  well  known  for  variable  structure 
while  the  source  OJ287  is  pointlike  when  mapped.  Variations  in  position  might  arise  from  changes  in 
structure,  different  networks  from  day  to  day,  changes  in  observing  schedules  and  geometry,  etc.  The 
actual  changes  are  snull.  Tables  6  and  7  show  the  sources,  the  number  of  observing  sessions,  the  total 
time  span,  the  rate  of  change,  the  weighted  rms  scatter  about  the  best-fit  line,  and  the  reduced  for  right 
ascension  and  declination,  respectively.  The  fit  and  ^  are  generally  worse  for  sources  with  much 
structure.  While  the  rates  are  significantly  different  from  zero  in  some  cases,  these  should  not  be 
interpreted  as  actual  proper  motions  of  the  real  objects.  Differential  measurements  of  a  pair  of  unrelated 
quasars  separated  by  a  small  angular  distance  (Bartel  el  al.,  1986)  place  the  upper  limit  on  proper  motion 
of  the  main  components  at  2  mas/century  using  essentially  2.S  years  of  data.  More  recent  measurements 
reduce  the  upper  limit  by  a  factor  of  4  (Bartel,  1990,  personal  communication).  The  rates  given  here 
should  be  viewed  as  upper  limits  of  possible  changes  in  this  particular  realization  of  the  extragalactic  frame 
and  are  illustrative  of  the  stability  of  the  positions  of  these  sources,  many  of  which  have  measurable, 
varying  structure.  Since  the  sources  observed  in  the  astrometric  programs  are  generally  fainter,  it  is 
expected  that  they  are  intrinsically  smaller.  Many  have  been  selected  because  they  have  little  or  no 
structure  visible  on  the  long  baselines. 


Table  6.  Rates  of  right  ascension  change 


Source 

sessions 

span 

years 

rate 

0.1  ms/century 

fit 

0.1  ms 

x’ 

0106+013 

783 

9 

4.9  ±  0.8 

.40 

1.49 

0212+735 

678 

8 

-0.3  ±  1.7 

.77 

1.08 

0229+131 

539 

5 

-3.6  ±  0.7 

.27 

1.39 

0234+285 

276 

9 

-1.0  ±  0.8 

.30 

1.52 

0420-014 

233 

5 

5.4  ±  1.9 

.32 

2.48 

0528+134 

556 

8 

-2.7  ±  0.7 

.28 

1.37 

0552+398 

1068 

10 

-1.2  ±  0.4 

.28 

1.16 

OJ287 

811 

10 

0.7  ±  0.5 

.26 

1.52 

4C39.25 

771 

10 

3.2  ±  0.5 

.28 

1.40 

3C273B 

675 

9 

-4.6  ±  1.4 

.56 

3.13 

OQ208 

685 

9 

3.8  ±  0.6 

.34 

1.51 

3C345 

911 

10 

-9.1  ±  0.8 

.46 

2.12 

1741-038 

251 

8 

2.0  ±  2.0 

.38 

2.15 

1803+784 

629 

6 

5.8  ±  2.8 

1.07 

1.63 

2134+004 

504 

10 

2.3  ±  1.4 

.50 

1.86 

VR422201 

671 

10 

5.3  ±  0.6 

.33 

1.43 

3C454.3 

679 

10 

-5.7  ±0.8 

.35 

2.39 
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Table  7.  Rates  of  declination  change 


Source 

sessions 

span 

years 

rate 

mas/century 

fit 

HUS 

:a=ss=B9BEss=sse 

0106+013 

783 

9 

3.8  ±  2.7 

1.13 

1.09 

0212  +735 

678 

8 

2.5  ±  0.7 

.32 

1.16 

0229+131 

539 

5 

1.2  ±  1.9 

.70 

1.21 

0234+285 

276 

9 

6.7  ±  1.6 

.46 

1.18 

0420-014 

233 

5 

9.1  ±  4.0 

.68 

1.26 

0528+134 

556 

8 

0.1  ±  2.3 

.82 

1.19 

0552  +  398 

1068 

10 

-3.4  ±  0.7 

.45 

1.16 

OJ287 

811 

10 

2.5  ±  1.1 

.55 

1.05 

4C39.25 

771 

10 

0.7  ±  0.9 

.49 

1.44 

3C273B 

675 

9 

-8.8  ±  4.0 

1.33 

2.33 

OQ208 

685 

9 

8.7  ±  1.6 

.83 

1.24 

3C345 

911 

10 

-6.2  ±  1.1 

.60 

1.31 

1741-038 

251 

8 

8.5  ±  5.5 

.94 

1.58 

1803+784 

629 

6 

3.4  ±  0.7 

.28 

1.17 

2134+004 

504 

10 

19.1  ±  5.2 

1.76 

1.65 

VR42220I 

671 

10 

O.I  ±  1.1 

.57 

1.35 

3C454.3 

679 

10 

-2.7  ±  1.7 

.63 

1.20 

6.  Conclusions  and  Possibilities 

The  existing  VLBI  data  can  be  used  to  realize  an  extragalactic  radio  reference  frame  with  overall 
orientation  stability  at  the  mas  level  over  periods  of  decades  if  not  longer.  Individual  sources  should  be 
useful  over  similar  intervals  in  terms  of  both  position  stability  and  continued  visibility  to  VLBI.  The 
current  number  of  radio  sources  is  limited  by  system  sensitivity  rather  than  by  intrinsic  number.  Since  the 
number  of  radio  sources  is  proportional  to  (source  flux  density)  '-’,  the  number  can  be  considerably 
expanded  with  more  sensitive  instruments  such  as  the  VLBA  or  QUASAR.  With  800  second  observations 
on  the  VLBA,  it  could  be  possible  to  extend  the  radio  reference  frame  to  one  source  per  .square  degree. 
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DYNAMICAL  REFERENCE  FRAME  AND  SOME  ASTRONOMICAL 
CONSTANTS  FROM  PLANETARY  OBSERVATIONS  1769-1988  YY 


G.  A.  KrasinskydPA),  E.  V.  Pit  java  (IPA),  M. 
L.Sveshnikav  (ZTA),  L.l.  Chunayeva  <ITA) 

Modern  planetary  theory  «ay  be  considred  as  a 
carrier  af  A-diaensional  dynaeical  reference  -fraae 
which  is  to  be  conFronted  with  stellar  (or  quasar) 
based  Fundaeental  Fraae.  OF  aost  interest  is  the 
problea  oF  e>:istance  oF  secular  trends  between  the 
above  systees.  Me  investigated  the  problea  by  discus¬ 
sing  a  vast  set  oF  planetary  observations  oF  diFFe- 
rent  types.  The  set  includes  ranging  observations  oF 
the  inner  planets  (up  to  1988  y),  USNO  meridian 
observations,  transits,  etc.  The  wain  resuls  are  the 
Following: 

1.  We  have  conFireed  our  earlier  Findings  on  the 
corrections  dT  to  the  adopted  systea  oF  the 
diFFerences  between  the  dynamical  ("ephemeris")  time 
and  Universal  Time  : 

dT=  -12.9±1.3  sec/cy  (From  transits  ) 
dT=-i4.S±2.1  sec/cy  (From  USNO  meridian  obs.) 

2.  The  time  derivative  g  oF  the  gravitational 
constant  g  (or  a  secular  trend  between  the  atomic 
and  dynamical  time)  was  .estimated: 

g»0.32±0.45  /10““ 

3.  By  investigating  oF  secular  variations  oF  the 
solar  and  planetary  longitudes  a  correction  to 
Newcomb’s  value  oF  the  constant  oF  precession  has 
been  obtained  (which  is  independet  oF  errors  in 
the  proper  motions  oF  stellar  catalogues)  r 

dp=0.46±0.13  Vcy 

4.  For  distance  scaling  Factor  AU  oF  the  dynamical 
Frame  the  new  estimate  is 

AU=149597a70.62±0.i8  km 
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THE  ORIENTATION  OF  THE  DYNAMICAL  REFERENCE  FRAME 


J.  G.  Williams,  J.  0.  Dickey,  X  X  Newhall,  and  E.  M.  Standish 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
Pasadena,  CA  91 109-8099  USA 


ABSTRACT.  We  summarize  the  current  status  of  the  JPL  ephemcrides,  focusing  on  the  various 
data  types  utilized,  especially  the  impact  of  the  modem  ranging  data,  and  the  resulting  accuracies 
obtain^.  The  dynamical  equinox,  as  deiennined  from  the  analysis  of  Lunar  Laser  Ranging  data,  is 
determined  with  an  accuracy  of  5  mas  and  the  obliquity  to  a  2  mas  level  in  ~1983,  the  weighted 
center  of  data.  Knowledge  of  the  lunar  and  planetary  positions  with  respect  to  the  dynamical 
equinox  degrades  to  10  mas  at  J2000.  Twenty  years  of  LLR  data  allow  for  the  separation  of  the 
1 yr  nutation  terms  from  the  precession  constant.  The  correction  to  lAU  precession  is  found  to 
be  -2.7  ±  0.4  mas/yr,  while  the  18.6  yr  nutation  of  the  pole  is  3.0  ±  1.5  mas  larger  in  magnitude 
than  the  1980  lAU  series.  The  necessity  of  different  reference  systems  and  the  accurate  knowledge 
of  the  interconnections  between  frames  is  addressed. 


1.  Introduction 

'fhis  paper  highlights  recent  JPL  activities  in  the  area  of  lunar/planctary  ephemeridcs  and  related 
investigations.  Section  2  discusses  current  JPL  ephemcrides  with  emphasis  on  the  data  sets 
considered,  the  orientation  of  tlie  ephcmerides,  and  c^emeris  uncertainties:  for  a  fuller  discussion, 
the  reader  is  referred  to  Wiliiams  and  Standish  (1989).  The  corrections  to  the  lAU  nutation  and 
precession  constants  are  presented  in  Seaion  3;  a  more  detailed  account  is  given  by  Williams  et  al. 
(1990).  Reference  frame  issues  are  addressed  in  Section  4  (see  Dickey,  1989  for  a  complete 
discussion):  concluding  remarks  and  a  summary  arc  given  in  Section  5. 


2.  Ephemeris  Considerations 
2.1  OBSERVATIONAL  DATA 

The  creation  of  modern  ephemeridcs  is  quite  a  different  process  from  a  few  decades  ago.  We  can 
now  safely  assume  that  our  equations  of  motion  properly  describe  the  physical  laws  of  gravitation 
and  that  all  of  the  significant  forces  which  affect  the  motions  of  the  planets  and  Moon  are  known. 
Furthermore,  we  are  no  longer  overwhelmed  with  the  process  of  integrating  the  equations  of 
motion.  Now  modem  computers  do  the  integration  numerically  without  concern  about  problems 
such  as  non-converging  expansions,  neglected  terms,  and  tnincatcd  series.  Numerical  integration 
programs  have  been  tested:  they  provide  sufficient  accuracy. 

Full  concentration  is  now  given  to  the  observational  data;  the  accuracy,  variety,  coverage  and 
the  reduction  processes  —  those  arc  the  most  important  ingredients  in  creating  modern-day 
ephemcrides. 

Table  1  lists  the  observational  data  now  being  fit  to  generate  ephemeridcs.  The  table  shows 
many  additions  since  the  creation  of  JPL’s  DE200/LE200  in  1980  as  described  by  Standish  (1990). 
These  further  sets  of  data  are  in  the  form  of  additions  to  standard  data  types  as  well  as  completely 
new  types  of  observations.  The  acquisition  and  utilization  of  observation^  data  continues  to  be  the 
most  vital  part  of  the  ephemeris  creation  process. 
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As  a  result  of  the  increasing  strength  of  the  observational  data,  JPL  is  presently  engaged  in  the 
creation  of  its  next  major  set  of  planetary  and  lunar  ephcmcrides,  expected  to  be  available  in  late 
1990.  Significant  improvements  over  ££200  are  expected  in  the  ephemcrides  of  each  planet  as  well 
as  the  Moon. 


TABLE  1.  THE  SOURCES  OFTHE  OBSERVATIONAL  DATA 


Sun  Mer  Ven  Mar  Jup  Sat  Ura  Nep  Plu  Moon 


Optical  transits 

1911-  S 

M  V 

M 

J 

S 

u 

N 

Photoelectric  transits 

1982- 

M 

J 

S 

u 

N  P 

Astrolabe 

1969- 

M 

J 

s 

u 

Radar  tanging 

1964- 

M  V 

M 

Mariner  9  Ranges 

1971-72 

M 

Mariner  10  Ranges 

1974-75 

M 

Viking  Lander  Ranges 

1976-82 

M 

Radio  Astrometry 

1983- 

J 

s 

u 

N 

Ring  Occultations 

1977- 

u 

Disk  Occultations 

1968- 

N 

Pioneer  Tracking  Data 

1973-80 

J 

s 

Voyager  Tracking  Data 

1979-89 

J 

s 

u 

N 

Pluto  Astrometry 

1914- 

P 

Lunar  Laser  Ranging 

1969- 

M 

2.2  ORIENTATION  OF  THE  EPHEMERIDES 

Two  important  features  of  the  ephemerides  deserve  mention,  especially  since  these  arc  neither  well- 
known  nor  intuitively  apparent. 

Inertial  mean  motions:  The  mean  motions  of  the  four  inner  planets  and  the  Moon  arc 
determined  from  the  ranging  observations — for  example,  lunar  laser,  radar,  and  spacecraft — not  by 
the  optical  observations;  there  are  a  number  of  explanations  designed  to  show  why  (see,  c.g., 
Standish  and  Williams,  1990).  The  most  accurate  planetary  ranges  are  from  Earth  to  Mars  and  the 
most  accurate  inertial  mean  motions  are  for  these  two  planets  (O'.'Ol/cty  as  given  in  Table  2). 

Dynamical  equinox  and  obliquity:  The  lunar  laser  ranging  observations  are  highly  sensitive  to 
the  direction  of  the  pole  of  the  Earth’s  rotation  and,  therefore,  to  the  celestial  equator  of  dale.  Data 
over  an  extended  ^riod  of  time  will  provide  determinations  of  the  Earth’s  orientation.  The 
observations  are  also  highly  sensitive  to  the  solar  perturbations  on  die  lunar  orbit,  which  effectively 
cause  tlie  lunar  orbit  to  process  along  the  ecliptic.  Thus,  the  location  of  the  ecliptic  of  date  is  also 
determined  from  the  lunar  observations.  As  a  result,  for  successful  data  reduction,  the  true  equator 
must  be  represented  accurately  in  the  analysis  program  and  the  true  ecliptic  in  the  ephemerides, 
most  importantly  over  the  time  span  of  the  lunar  laser  ranging  data.  Finally,  one  may  locate  the 
mean  ecliptic  at  an  epoch  by  analyzing  the  tme  ecliptic,  given  by  the  ephemeris  of  the  Earth-Moon 
barycenter  orbit  about  the  Sun.  This  determination  has  been  done  by  Standish  (1982)  and  by 
Chapront-TouzS  and  Chapront  (1983)  in  order  to  extract  the  obliquity  and  dynamical  equinox.  The 
accuracy  of  the  obliquity  determination  is  better  than  2  mas  and,  in  the  early  1980s,  the  Moon  and 
planets  are  known  with  respect  to  the  dynamical  equinox  to  5  mas.  Recent  obliquity  determinations 
are  close  to  the  value  in  St^ish  (1982). 

Thus,  the  ephemerides  of  the  inner  four  planets  and  the  Moon  are  created  witliout  reference  to 
objects  outside  the  solar  system.  The  mean  motions  with  respect  to  inertial  space  and  the 
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orientation  to  the  mean  equator  and  the  dynamical  equinox  arc  determined  strictly  from  ranging 
measurements  coupled  with  dynamics. 

2.3  EPKEMERIS  UNCERTAINTIES 

An  analysis  of  the  ephemeris  parameter  uncertainties  by  Williams  and  Standish  (1989)  has  been 
made  by  considering  the  accuracies  of  the  relevant  observational  data  and  by  considering  how 
sensitive  such  observations  arc  to  changes  in  each  of  the  parameters.  Tliosc  results  arc  used  here  in 
producing  Table  2,  where  the  estimates  are  intended  to  be  realistic  uncertainties.  We  also  include 
our  estimates  of  the  orbits  of  the  outer  planets,  realizing  that  the  uncertainty  of  extrapolating  into  the 
future  is  largest  for  the  outennost  planets. 


TABLE  2.  ESTIMATED  EPHEMERIS  ERRORS 


Moon 

Merc  &  Ven 

Mars 

Jup...Nep 

Pluto 

longitude 

wrt  earth  in  1980 

[OVOOl] 

0:'002 

o:’oooo2 

oros 

ors 

wri  earth  in  1990 

(orooi) 

0:'02 

orool 

oros 

ors 

wrt  1980  dyn  eq 

oroos 

o:'05 

oroos 

oros 

ors 

wrt  2000  dyn  cq 

oroi 

oroi 

oroi 

oros 

ors 

latitude 

o:’oo2 

o:'02 

orooos 

oros 

ors 

mean  motion 

0:*04/cty 

l'.7cty2 

0:’2/cty 

oroi/cty 

ors/cty 

2"/cty 

3.  Precession  and  Nutation 

Twenty  years  (August  1969  to  December  1989)  of  lunar  laser  ranges  have  been  analyzed  to  extract 
corrections  to  the  luni-solar  precession  constant  and  the  18.6  yr  nutation  coefficients.  The  two- 
decade  span  of  data  permits  the  precession  and  18.6  yr  nutations  to  be  separated;  the  largest 
correlation  between  them  being  -0.64.  The  most  recent  ranges  are  an  order  of  magnitude  more 
accurate  than  the  ranges  from  tlic  early  1970s,  and  the  data  are  weighted  accordingly. 

The  solutions  given  in  Table  3  arc  from  Williams  ctal.  (1990),  where  additional  details  may  be 
found.  The  nominal  precession  and  nutation  expressions  are  given  by  the  respective  1 AU  working 
groups  (Lieske  et  ai,  1977,  Seidclmann,  1982).  The  table  gives  the  corrections  to  these  standard 
values. 

Three  solutions  arc  presented.  Case  A  is  a  solution  for  the  precession,  in-phase  and  out-of- 
phase  18.6  yr  nutation  coefficients,  and  the  two  in-phase  annual  components.  Case  B  is  based  on 
the  recent  improvements  to  the  nutation  theory  by  Kinoshita  and  Souchay  (1990).  Their  corrections 
to  the  9.3  yr  coefficients  and  the  in-phase  1^6  yr  obliquity  coefficient  were  adopted;  the  out-of- 
phase  18.6  yr  coefficient  corrections  were  constrained  to  a  fixed  ratio,  additional  in-phase  18.6  yr 
coefficient  corrcetioas  were  constrained  to  a  ratio  which  depends  on  the  value  of  the  precession 
correction;  and  the  annual  corrections  were  fixed  at  values  similar  to  those  found  by  VLBI.  Ca.se  C 
is  based  on  tlie  recent  improvements  to  the  nutation  theory  by  TJiu  et  al.  (1990).  Their  corrections 
were  adopted  for  the  18.6  yr  (in-phasc  obliquity),  9.3  yr,  annual  (in-pha.sc),  semi-annual,  and 
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semi-monthly  coefficients.  Analogous  to  Case  B,  two  constraints  were  set  up  for  ratios  of  the  18.6 
yr  coefficients. 

The  three  solutions  of  Tabic  3  show  that  the  precession  constant  needs  to  be  decreased  and  the 
magnitude  of  the  18.6  yr  nutation  needs  to  be  increased.  The  out-of-phase  corrections  of  the  18.6 
yr  terms  are  similar  to  the  size  expected  from  ocean  tide  influences  (Wahr  and  Sasao ,  1981,  Zhu  et 
al,  1990),  but  the  errors  only  permit  us  to  say  that  it  is  suggestive.  Case  A  indicates  that  the  annual 
correction  is  detected.  An  additional  solution  with  the  two  annual  components  constrained  to  be 
equal  gives  1.8  ±  0.5  mas.  If  the  recent  theoretical  improvements  to  nutations  are  an  accurate 
representation  of  the  motion  of  the  Earth’s  axis  of  rotation,  then  the  solutions  of  Cases  B  and  C  are 
expected  to  be  improvements  over  the  Case  A  solution.  The  uncertainties  given  in  the  table  are 
intended  to  be  realistic  estimates;  the  formal  errors  are  smaller. 

The  four  LLR-derived  corrections  to  the  18.6  yr  coefficients  are  in  good  agreement  with  the 
recent  VLBI  results  of  Herring  et  al.  (1990),  and  their  precession  correction  of  -3.2  ±  1 .3  ma.s/yr  is 
compatible  with  our  value.  This  volume  (Chariot  et  al.)  has  a  combined  LLR  and  VLBI  solution 
which  adds  the  strength  of  the  LLR  data  for  precession  to  the  accuracy  of  the  VLBI  data  for  short 
periods. 

The  -2.7  mas/yr  correction  to  the  luni-solar  precession  constant  gives  a  new  value  of 
50.385 1'Vyr  at  J2000.  It  is  the  luni-solar  precession  rather  than  the  general  precession  which  is 
determined.  The  dynamical  equinox  is  better  determined  during  the  past  decade  than  at  J2000.  The 
uncertainty  of  the  precession  constant  contributes  to  the  10  mas  uncertainty  at  J2000  in  Table  2. 


TABLE  3.  CORRECTIONS  TO  PRECESSION  AND  NUTATIONS 


Case  A 

CascB 

CaseC 

Precession  (mas/yr) 

-2.8  ±  0.5 

-2.7  ±  0.4 

-2.7  ±  0.4 

In-phase  18.6  yr  terms  (mas) 

Ae 

0.4  ±  1.9 

3.1  ±  1.1 

3.0  ±  1.2 

sin  e  A\|/ 

-3.4  ±  1.6 

-3.4  ±  1.5 

-3.1  ±  1.5 

Out-of-phase  18.6  yr  terms  (mas) 

Ae  1.2  ±1.9 

1.4  ±  1.6 

1.3  ±  1.6 

sin  E  Avjr 

1.5  ±  1.9 

1.0  ±  1,2 

1.0  ±  1.3 

In-phase  annual  terms  (mas) 

Ae 

1.6±  1.1 

1.8* 

1.79* 

sin  e  A\{/ 

2.0  ±  0.8 

1.8* 

1.89* 

♦Correction  fixed  at  this  value 

4.  Reference  Frame  Considerations 

Each  technique  observing  a  particular  class  of  objects  can  be  expected  to  establish  its  own  reference 
frame  (see  Table  4).  Contemporary  astronomy  has  led  to  the  development  of  three  types  of  celestial 
coordinate  systems:  the  optical  frame  (e.g.  FK4/FK5)  based  on  the  positions  of  galactic  stars, 
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TABLE  4.  FRAME  DETERMINATIONS 


FR-VME 

TECHNIQUE 

TARGET 

*  Ephemeris 

♦  Planetaiy/Spacecraft  Ranging 

♦  Lutjar  L^r  Ranging 

*  Planets 
♦Moon 

♦Optical 

*  Optical  Astrometry 

♦  Stars,  Sun  and  Planets 

♦Radio 

*  Very-Long-Baselinc 
Interferometiy 

*  Quasars,  Radio  Stars, 
Msars,  and  Inter¬ 
planetary  Spacecraft 

♦  Satellite 

♦  Satellite  Laser  Ranging 

*  Doppler 
♦GPS 

*  Earth-Orbiting  Satellite 

*  Traasmitting  Satellites 

*  GPS  Satellites 

RADIO 

SIARS 

HESCQi 

MILUSEC 

VLei 

MOBILE  VLSI 

PULSAR 

QUASARS 

m.tu 

FIXED  VIBI 

■MB 

VLA 

OPTICAL 

RADAR  *  SIC 

RADIOMnRIC 

STARS 

RANCINC 

RANCINC 

PLANHS 

ASIROMORY 

MOON 

ILR 

LLR  SITES 

SIR 

EARTH 

SLR 

MOBILEIFIXED 

SAiaLlIE 

SLR 

DOPPLER 

MOBILEIFIXED 

DOPPLER 

CPS 

CPS 

SITES 

TARGET  TECHNIQUE  GROUND  STATION 


FIG.  1:  Connections  Between  Reference  Systems 
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planets,  and  the  Sun;  die  planetary/lunar  ephemeris  frame  based  on  the  major  celestial  bodies  of  the 
solar  system;  and  the  radio  frame  constructed  from  observations  of  extragalactic  sources/quasars.  It 
should  be  noted  that  the  radio,  optical,  and  ephemeris  frames  generate  complementary  terrestrial 
frames  as  well.  Other  terrestrial  frames  arc  developed  through  the  analysis  of  the  data  from  Earth - 
orbiting  satellites  [e.g.  GPS  (Global  Positioning  System),  Doppler,  and  laser-reflecting  satellites 
such  as  LAGEOS].  The  terrestrial  frames  must  consider  local  deformations  as  well  as  tectonic 
motion;  for  example,  most  of  the  sites  are  moving  at  rates  of  several  cm/ycar.  The  celestial  and 
terrestrial  coordinate  systems  from  a  single  technique  and  class  of  target  arc  related  through  adopted 
constants  and  definitions.  Each  frame  is  rotated  with  respect  to  the  others,  and  this  offset  may  be 
rime  variable  (e.g.  the  radio  vs  the  FK4  frame). 

Measurements  arc  inherently  more  accurate  in  their  “natural”  frame  and  hence  should  always  be 
reported  as  such.  However,  to  benefit  from  the  complementarity  of  the  various  techniques, 
knowledge  of  the  frame  interconnections  (both  the  rotation  and  the  time-variable  offset)  is  essential; 
these  arc  summarized  in  Fig.  1  and  Table  4  (after  Dickey,  1989).  Recent  activity  in  this  area  is 
indicated  by  the  number  of  boxes  and  lines  in  Fig.  1  (the  accuracy  cut-off  here  is  0.0.5  arcsec).  The 
lunar/planctary  system,  integrated  in  a  joint  ephemeris,  is  by  its  nature  unified  by  the  dynamics. 
Tne  radio  frame  is  tied  to  the  ephemeris  frame  in  several  ways:  one  is  via  differential  VLBI 
measurements  of  planet-orbiting  spacecraft  and  angularly  nearby  quasars;  another  is  the 
detemination  of  a  pulsar’s  position  in  the  ephemeris  frame  (via  timing  measurements)  and  the  radio 
frame  [via  radio  interferometry  (VLA)].  VLA  obser\'ations  of  the  outer  planets  (Jupiter,  Saturn, 
Uranus  and  Neptune)  or  their  satellites  provide  an  additional  tie  between  these  two  frames.  As  for 
an  optical-radio  frame  tie,  a  preliminary  link  has  been  established  between  the  FK5  optical  frame 
and  the  JPL  radio  reference  frame  via  the  differential  VLBI  measurement  of  optically  bright  radio 
stars  and  angularly  nearby  quasars  coupled  witli  comparisons  of  their  optical  positions,  and  also  by 
the  use  of  the  optical  positions  of  quasars.  The  optical  and  ephemeris  frames  are  tied  by  optical 
observations  of  the  planets.  For  a  fuller  discussion  of  these  topics  and  referrals  to  references  in  the 
literature,  the  reader  should  sec  Dickey  (1989). 


5.  Concluding  Remarks 

A  summary  of  the  current  ephemeris  developments  at  JPL  was  presented,  stressing  data  types 
utilized  and  the  accuracies  obtained.  Ranging  observations  are  the  dominant  data  for  the  inner  four 
planets  and  the  Moon;  the  most  accurate  ranges  (and  orbits)  are  for  Earth,  Mars,  and  the  Moon. 
Optical  data  arc  significant  for  only  the  five  outcimosi  planets.  Tlie  inclusion  of  Voyager  tracking 
data  and  radio  asuometry  provide  major  improvements  in  the  outer  planet  cphcmeridcs. 

Lunar  laser  ranging,  Ixiing  sensitive  to  the  planes  of  the  ecliptic,  the  lunar  orbit,  and  the  equator 
determines  their  mutu^  orientation  to  an  accuracy  of  2  mas  and  hence,  tlie  dynamical  equinox  (the 
intersection  of  the  mean  equator  and  the  mean  ecliptic)  to  an  accuracy  of  5  mas  early  in  the  1980s. 
The  uncertainty  of  the  Moon  and  planets  with  respect  to  the  dynamic^  equinox  degrades  to  10  mas 
at  J2000.  The  dynamical  equinox  is  used  as  our  reference  point  for  origin  of  the  right  ascension. 
The  analysis  of  two  decades  of  lunar  laser  ranging  data  has  permitted  the  separation  of  the 
precession  constant  from  the  18.6  year  nutation  terms.  The  correction  to  the  lAU-adoptcd 
precession  constant  is  -2.7  ±  0.4  milliarcscconds/yr,  whereas  the  18.6  yr  nutation  of  the  pole  is 
found  to  be  3.0  ±  1.5  mas  larger  in  magnitude  than  the  1980  lAU  series.  The  nutation  scries 
corrections  arc  consistent  with  theoretical  expectations. 

Reference  frame  issues  were  addressed  briefly.  It  was  sU'csscd  that  each  technique  acquires 
measurements  in  its  own  reference  frame,  with  results  being  most  accurate  in  its  own  “natural” 
frame.  To  benefit  from  the  complementarity  of  the  various  techniques,  knowledge  of  the  frame 
interconnections  is  essential. 
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REPORT  CF  THE  lAU  WORKING  GROUP  ON  THE  THEORY  OF  NUTATION 

Dennis  D.  McCarthy 
U.  S.  Naval  Observatory 
Washington,  DC  20392  USA 


ABSTRACT.  Modern  observations  of  celestial  pole  offsets  indicate  that 
small  but  significant  corrections  to  the  current  lAU  theories  of  nutation 
and  precession  can  be  detected.  These  corrections  are  of  the  order  of  a 
few  milliseconds  of  arc.  *^0  meet  the  needs  of  those  who  require 
millisecond  of  arc  accuracy  in  reference  frame  applications,  the  Interna¬ 
tional  Earth  Rotation  Service  (lERS)  publishes  in  weekly  and  monthly 
bulletins  the  most  recent  observations,  along  with  predictions  of  these 
corrections.  These  appear  to  meet  the  needs  of  users.  In  view  of  the 
fact  that  the  geophysical  community  has  not  adopted  a  model  which 
describes  the  nutation  and  precession  theory  and  that  the  current 
procedure  of  the  lERS  meets  the  need  of  high-accuracy  users,  there  does 
not  appear  to  be  a  need  to  identify  a  new  lAU  nutation  theory  at  this 
time. 


1.  Introduction 

The  Working  Group  on  Reference  Systems  (WGRS)  was  instituted  at  the  lAU 
General  Assembly  in  Baltimore  in  1988.  The  Subgroup  on  Nutation  was 
organized  then  to  examine  the  various  approaches  which  can  be ,  and  have 
been,  taken  cowards  the  characterization  and  specification  of  this  motion 
of  the  Earth.  From  this  examination  were  to  come  recommendations 
regarding  procedures  to  be  used  in  describing  this  phenomenon.  A  new, 
analytical  closed  theory  of  nutation  was  not  necessarily  the  goal, 
although  such  an  effort  was  not  ruled  out.  The  working  group  was  charged 
with  the  responsibility  of  defining  accessible,  practical  procedures 
regardless  of  the  theoretical  and  observational  foundations  of  the  adopted 
approach  to  the  problem  in  both  its  geophysical  and  astronomical  aspects. 

The  International  Earth  Rotation  Service  (lERS)  Standards  (McCarthy 
1989)  recommends  the  use  of  the  1980  lAU  Nutation  Theory  (Seidelmann  1982) 
based  on  the  Wahr  model  (Wahr  1981) .  The  lERS  Central  Bureau  and  the  lERS 
Sub-bureau  for  Rapid  Service  and  Predictions  publish  the  observed 
corrections  to  the  1980  lAU  nutation  model  and  the  predictions  of  these 
corrections.  The  predictions  are  based  on  a  model  utilizing  derived 
corrections  at  nutation  frequencies  to  extrapolate  an  improved  nutation 
series . 

The  lAU  1980  Nutation  Series  is  based  on  Kinoshita's  (1977)  rigid  Earth 
theory,  using  Newcomb's  Theory  for  the  motion  of  the  Earth,  Brown's  Theory 
for  the  motion  of  the  Moon  and  the  lAU  1976  System  of  Astronomical 
Constants.  These  theoretical  coefficients  are  modified  on  the  basis  of 
Wahr's  theory  (1981)  in  the  ratio  of  the  amplitudes  of  each  circular 
nutation  relative  to  a  realistic  Earth  model  and  to  a  rigid  Earth  model. 
This  ratio  is  computed  for  an  elliptical,  rotating,  elastic  and  oceanless 
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Earth  with  a  fluid,  hydrostatically  pre-stressed  core.  While  this 
nutation  series  has  proven  adequate  for  many  astronomical  reductions,  the 
introduction  of  high-precision  VLBI  and  LLR  observing  techniques  has 
revealed  some  significant  inadequacies  (Herring  et  al.  1986,  Herring  1987, 
Zhu  et  al.  1990,  McCarthy  and  Luzum,  1990). 


2.  Considerations 

Recently  Kinoshita  and  Souchay  (1990)  have  completed  an  improvement  to 
Kinoshita's  theory  (1977)  for  a  rigid  Earth,  using  modern  theories  for  the 
motion  of  the  Earth  and  Moon,  current  values  for  the  astronomical 
constants  including  the  effect  of  the  planetary  perturbations.  To  enable 
the  accurate  reduction,  on  a  common  basis,  of  VLBI,  LLR  and  SLR 
observations  it  would  be  desirable  to  arrive  at  an  acceptable  model  of  the 
Earth  attempting  to  incorporate  all  known  contributions  at  the  one  tenth 
milliarcsecond  level.  It  should  include  the  contribution  of  the  non¬ 
hydrostatic  core  flattening  as  well  as  the  oceanic  and  anelastic  effects 
which  have  been  shown  to  be  significant  and  possible  inner  core  effects. 
No  geophysical  model  has  become  generally  accepted  although  research  in 
this  area  has  been  active  (Molodenskiy  and  Kramer  1987,  Mathews  et  al. 
1989,  Dehant  1990,  Zhu  et  al.  1990,). 

Until  such  a  model  is  accepted  it  becomes  necessary  to  provide 
standardized  procedures  to  allow  for  systematic  treatment  of  nutation  for 
astronomy  in  general  as  well  as  the  reduction  of  VLBI,  LLR  and  SLR 
observations.  It  is  the  consensus  of  this  Working  Group  that  these 
corrections  should  be  values  based  on  geophysical  models  which  produce 
corrections  consistent  with  the  observed  results.  This  Working  Group, 
then  suggests  the  following  recommendation. 


3.  Recommendation 

The  lAU  Working  Group  on  the  Theory  of  Nutation 

RECOGNIZING  that  a  generally  accepted  non-rigid  Earth  theory  of  nutation 
including  all  known  effects  at  the  one  tenth  milliarc-second  level  is  not 
yet  available 

RECOMMENDS 

1.  That  those  requiring  accuracy  of  the  nutation  angles  (e  or  ^  sin£(,) 
numerically  greater  than  +0V002  should  continue  to  use  the  1980  lAU 
Nutation  Theory  (Seidelmann  1982). 

2.  That  those  reqviiring  nutation  angle  descriptions  more  accurate  than 
±0'.'002  should  make  use  of  the  Bulletins  of  the  lERS  which  publish 
observations  and  predictions  of  the  celestial  pole  offsets  which  are 
accurate  to  about  ±0'.'0006  for  a  period  of  up  to  six  months. 

3.  That  the  lUGG  be  encouraged  to  develop  and  adopt  an  appropriate  Earth 
model  to  serve  as  the  basis  for  a  new  lAU  Theory  of  Nutation. 


4.  Working  Group  Membership 

Members  of  the  working  group  on  the  theory  of  nutation  are; 


155 


Dennis  D.  McCarthy  (chair) 

U.  S.  Naval  Observatory 
Washington,  DC  20392  USA 

V ,  Dehant 

Observatoire  Royal  de  Belgique 
3,  Avenue  Circulaire 
B1180  Brussels,  Belgium 

Erwin  Groten 

Inst,  of  Physical  Geodesy 
Petersenstrasse  13 
D-6100  Darmstadt,  Germany 

Thomas  A.  Herring 
54-618  M.I.T. 

77  Massachusetts  Ave. 
Cambridge,  MA  02139  USA 

G.  H.  Kaplan 

U.  S.  Naval  Observatory 
Washington,  DC  20392  USA 

H.  Kinoshita 

Tokyo  Astronomical  Observatory 
Mi taka  Tokyo,  181  Japan 


M.  G.  Rochester 
Dept,  of  Earth  Sciences 
Memorial  University  of  Newfoundland 
St.  John's,  Newfoundland,  Canada 
AIB  3X7 

R.  0.  Vicente 

Faculty  of  Sciences  of  Lisbon 
R.  Mestre  Aviz,  30,  R/C 
1495  Lisboa,  Portugal 

J.  Vondrak 

Astronomical  Inst.  of 

Czechoslovakia 

Budecska,  6 

120  23  Praha  2,  Czechoslovakia 
J.  M.  Wahr 

Department  of  Physics 
Campus  Box  390 
University  of  Colorado 
Boulder,  CO  80309  USA 

Ya.  S.  Yatskiv 

Main  Astronomical  Observatory 
Ukrainian  Academy  of  Sciences 
252127  Kiev  USSR 


References 

Dehant,  V.:  1990,  Geophys.  J.  Int,  100,  477. 

Herring,  T. :  1987,  In  BIH  Annual  Report  for  1987,  pp.  D-106-D108. 
Herring,  T.  A.,  Gwinn,  C.  R. ,  and  Shapiro,  I.  I.;  1986,  J.  Geophys.  Res. 
91,  4745. 

Kinoshita,  H.;  1977,  Celest.  Mech.  15,  277. 

Kinoshita,  H.  and  Souchay,  J.:  1990,  Submitted  to  Celest.  Mech. 
McCarthy,  D.  D. :  1989,  lERS  Tech.  Note  3,  14. 

McCarthy,  D.  D.  and  Luzum,  B.  J.:  1990,  submitted  to  Astron.  J. 

Mathews,  P.  M, ,  Buffett,  B.  A.,  Herring,  T.  A.,  and  Shapiro,  I.  I.:  1989, 
Submitted  to  J.  Geophys.  Res. 

Molodenskiy,  S.  M.  and  Kramer,  M.  V.:  1987,  Izvest.,  Earth  Rhys.  23,  83 
NEOS  Annual  Report  for  1987 

Sasao,  T.  and  Wahr,  J.  M. :  1981,  Geophys.  J.  R.  Astron.  Soc.  64,  729. 
Seidelraann,  P.  K. :  1982,  Celest.  Mech.  27,  79. 

Wahr,  J.  M. :  1981,  Geophys.  J.  R.  Astron.  Soc.  64,  705. 


156 


Woolard,  E.  W. :  1953,  Astron.  Pap.  Amer.  Eph.  and  Naut.  Almanac  15,  part 

1. 

Zhu,  S.  Y. ,  and  Groten,  E.:  1989,  Astron.  J.  98,  1104, 

Zhu,  S.  Y. ,  Groten,  E. ,  and  Reigber,  C. :  1990,  Astron.  J.  99,  1024. 


157 


THE  ZMOA-1990  NUTATION  SERIES 


T.  A.  HERRING 

Massachusetts  Institute  of  Technology.  54-618 
77  Massachusetts  Avenue, 

Cambridge,  MA.  02319. 


ABSTRACT.  We  present  «  new  nutation  series  for  the  Earth  (ZMOA-1990)  based  on  (1)  the  rigid  Earth 
nutation  series  developed  by  Zhu  and  Groten  [1989],  (2)  the  normalized  response  for  an  elastic,  elliptical  Earth 
with  fluid-outer  and  solid-inner  cores  developed  by  .Mathews  et  al.  [1990],  and  (3)  corrections  for  the  effects  of 
ocean  tides  and  aiielasticity,  computed  to  be  consistent  with  the  Mathews  et  al.  [1990]  normalized  response 
fimetion.  In  deriving  this  series,  only  two  parameters  of  the  geophysical  model  for  the  Earth  have  been  modified 
&om  their  values  computed  with  PREM:  the  dynamic  ellipticities  of  the  whole  Earth,  e,  and  of  the  fluid  outer  core, 
e/.  'fhe  adopted  values  for  these  parameters,  determined  from  the  analysU  of  very  long  baseline  interferometry 
(VLBI)  data,  are  e=0.003289l5  which  is  about  1%  higher  than  the  value  obtained  from  PREM  and  6xl0'5  times 
larger  than  the  lAU  adopted  value,  and  e/=0.002665  which  is  4.6%  higher  than  the  PREM  value.  The  above  values 
were  obtained  from  an  adjustment  of  -0.3  "/cent  to  the  IAU-1976  luni-solar  precession  constant  for  e,  and  from  tlie 
amplitude  of  the  retrograde  annual  nutation  for  ef.  The  ZMOA-1990  nutation  series  agrees  with  estimates  of  the 
in-phasc  and  the  out-of-phase  nutation  amplitudes  obtained  from  VUBI  data  to  within  O.S  mas  for  the  terms  with 
18.6  year  period,  and  to  better  than  0.1  mas  for  terms  at  all  other  periods  except  for  the  out-of-phase  terms  with 
annual  period  (differences  0.39  mas,  retrograde,  and  0.13  mas,  progradc),  and  for  the  in-phase  term  with  prograde 
13.66  day  period  (difference  -0.25  mas). 


1.  Introduction 

It  has  been  apparent  for  about  5  years  now  that  the  IAU-1980  nutation  series  [Seideimann,  1982]  is 
inadequate  for  defining  the  motion  of  the  Earth  in  inertial  space  with  sufficient  precision  for  the  analysis  of 
modem  spaced-based  geodetic  data  [see  e.g..  Herring  et  al.,  1986].  There  are  a  number  of  deficiencies  in 
the  IAU-1980  series  arising  both  from  the  assumptions  made  in  the  geophysical  models  used  in  its  derivation 
and  from  the  nutation  series  of  the  rigid  body  that  is  convolved  with  the  normalized  response  function  of  the 
Earth.  We  present  here  a  new  nutation  series  which  overcomes,  to  a  large  degree,  the  deficiencies  in  the 
IAU-1980  series.  This  new  series  is  based  on  the  rigid  Earth  nutation  series  of  Zhu  and  Groten  [1989]  with  a 
slight  modification  discussed  below,  and  the  normalized  response  for  an  clastic,  elliptical  Earth  with  fluid- 
outer  and  solid-inner  cores  developed  by  Mathews  et  al.  [1990a  and  h].  Effects  of  mantle  anelasticity  and 
ocean  tides  are  explicitly  included  in  this  new  series  with  the  specific  corrections  used  based  on  a  re- 
computation  of  the  models  used  by  Wahr  and  Sasao  [1981]  for  ocean  tides  and  Wahr  and  Bergen  [1986]  for 
anelasticity.  This  new  series,  which  we  refer  to  as  ZMOA-1990  (23iu,  Mathews,  Qccans  and  inelasticity), 
is  discussed  fully  in  Herring  et  al.  [1990],  and  we  restrict  our  discussions  here  to  specific  aspects  of  it.  We 
also  give  the  new  series  and  two  variants  in  their  entirety. 

The  aim  of  the  Mathews  et  al.  [1990a  and  h]  and  the  Herring  et  al.  [1990]  sequence  of  papers  was  to 
assess  the  geophysical  signals  which  could  be  studied  using  nutations  and  to  assess  the  agreement  between 
an  almost  purely  geophysical  model  for  the  nutations  and  the  “observed”  series  obtained  from  the  analysis  of 
very  long  baseline  interferometry  (VLBI)  data.  Only  two  parameters  of  the  Earth  derived  from  the 
Preliminary  Reference  Earth  Model  (PREM)  of  Dziewonski  and  Anderson  [1981]  are  modified  in  computing 
the  normalized  response  function  of  the  Earth  for  the  ZMOA-1990  series:  namely,  the  dynamical  ellipticities 
of  the  whole  Earth,  e,  and  of  the  fluid  core,  e/.  It  has  been  known  for  sometime  that  v^ucs  of  e  computed 
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assuming  that  the  Earth  is  in  hydrostatic  equilibrium  and  using  the  radially  symmetric  density  distribuUoa  from 
seismic-based  Earth  models  are  not  consistent  with  the  value  required  to  explain  the  luni-solar  precession 
constant.  The  difference  is  usually  about  1%.  We  have  further  modified  the  standard  astronomical  value  of  e 
by  a  fractional  change  fixlO**  to  be  consistent  with  a  correction  of  -03  Veent  to  the  standard  value  of  the 
precession  that  is  now  being  obtained  firom  the  analysis  of  VLBI  data  (-032ii).13  keoCi  [Herring  et 

al.,  1990]  and  lunar  laser  ranging  data  (-0.27±0.04  "/cent)  [Williams  et  al.,  1990].  The  need  for  a 

modification  ofthe  value  ofthe  dynamic  ellipticity  of  the  fluid  core  computed  assuming  that  the  Earth  is  m 
hydrostaUc  equilibrium  is  also  weU  established  from  nutaUon  studies  [Gwinn  et  al,  1986];  from  seismology 
[Hager  et  al,  1985;  MorelllandDtlewonsU,  1987],  and  from  gravimetry  [h’euberg  et  al.,  1987].  The  4.6% 
increase  in  the  value  of  e/  used  in  the  ZMOA-1990  series  is  consistent  with  values  obtained  m  previous 
analyses.  The  models  for  the  effects  of  ocean  tides  and  mantle  anelasticity  have  also  bem  re-comput^  to  be 
consistent  with  e/and  with  the  0.01  mas  truncation  level  used  intbeZhuand  Groten  rigid  Earth  series  and 
ZMOA-1990.  Tne  comparison  of  the  VLBI  derived  series  and  the  geophysical  series  did  influence  the  choice 
of  anelasticity  modeU  in  that  the  QMU  model  of  Sailor  and  Diiewonskl  [1978]  is  favored  over  the  P  model  of 
Slpkln  and  Jordan  [1980]  because  the  former  is  more  amsistent  with  ^  VLBI  dcriv^  smes.  The  ZMOA- 
1990  series  with  ocean  tide  and  anelasticity  effects  included  in  the  series  coefficients  is  pven  in  Table  1.  In 
addition  to  containing  more  terms  than  the  IAU-i980  one,  this  series  alw  contains  out-of-phase  terms  which 
are  by  the  incorporation  of  anelasdcity  and  ocean  tide  contributions. 
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TABLE  1  Continued  The  ZMOA-1990  nuution  series. 


1 

Fundamenul 
aiKuments 
r  F  D 

Period 

(soltf  days) 

39'/, 

(tn»s) 

(mas/cy) 

(mas) 

dfS, 

(mas/cy) 

(mas)  _ 

riCou/ 

(mas) 

-1 

0 

2 

2 

1 

9343 

-1.02 

0.00 

032 

0.00 

0.00 

0.00 

1 

0 

2 

2 

2 

5.643 

-0.77 

0.00 

032 

0.00 

0.00 

0.00 

0 

-1 

2 

0 

2 

14.192 

-0.76 

0.00 

033 

0.00 

0.00 

0.00 

0 

0 

2 

2 

1 

7.088 

-0.66 

0.00 

034 

0.00 

0.00 

0.00 

1 

1 

0 

-2 

0 

-34.847 

-0.74 

0.00 

■0.01 

0.00 

0.00 

0.00 

0 

1 

2 

0 

2 

13.168 

0.76 

0.00 

-033 

0.00 

0.00 

0.00 

-2 

0 

0 

2 

1 

-199.840 

-038 

0.00 

031 

0,00 

0.00 

0.00 

0 

0 

0 

2 

1 

14.797 

-0.64 

0.00 

033 

0.00 

0.00 

0.00 

2 

0 

2 

-2 

2 

12.811 

0.65 

C.00 

■028 

0.00 

0.00 

0.00 

1 

0 

0 

2 

0 

9.614 

0.66 

0.00 

-0.02 

0.00 

0.00 

0,00 

1 

0 

2 

-2 

1 

23.858 

0.58 

0.00 

■030 

0.00 

0.00 

0.00 

0 

0 

0 

-2 

1 

-14.733 

-030 

0.00 

038 

0.00 

0.00 

0.00 

0 

-1 

2 

-2 

1 

346.60i 

-0.48 

0.00 

038 

0.00 

0.00 

0.00 

2 

0 

2 

0 

1 

6.852 

-0.53 

0.00 

036 

0.00 

0.00 

0.00 

1 

-1 

0 

0 

0 

29.803 

0.47 

0.00 

-0.01 

0.00 

0.00 

0.00 

1 

0 

0 

-1 

0 

411.784 

-0.46 

0.00 

-0.07 

0.00 

0.00 

0.00 

0 

0 

0 

1 

0 

29331 

-0.40 

0.00 

0.01 

0.00 

0.00 

0.00 

0 

1 

k 

0 

-2 

0 

-15.387 

-0.44 

0.00 

-0.01 

0.00 

0.00 

0.00 

1 

0 

-2 

0 

0 

-26.878 

0.41 

0.00 

0.01 

0.00 

0.00 

0.00 

2 

0 

0 

•2 

1 

212323 

0.41 

0.00 

-032 

0.00 

0.00 

0.00 

0 

1 

2 

•2 

1 

119.607 

0.36 

0.00 

-030 

0.00 

0.00 

0.00 

1 

1 

0 

0 

0 

25.622 

-0.34 

0.00 

0.01 

0.00 

0.00 

0.00 

1 

-1 

0 

•1 

0 

-323Z862 

-0.33 

0.00 

0.00 

0.00 

0.00 

0.00 

-1 

•1 

2 

2 

2 

9.814 

-0.29 

0.00 

0.12 

0.00 

0.00 

0.00 

0 

-1 

2 

2 

2 

1336 

-0.26 

0.00 

0.11 

0.00 

0.00 

0.00 

1 

•1 

2 

0 

2 

9361 

-0.29 

0.00 

0.12 

0.00 

0.00 

0.00 

3 

0 

2 

0 

2 

5.492 

-0.29 

0.00 

0.12 

0.00 

0.00 

0.00 

-2 

0 

2 

0 

2 

1615.748 

-031 

0.00 

0.14 

0.00 

0.00 

0.00 

1 

0 

2 

0 

0 

9.108 

0.34 

0.00 

-0.01 

0.00 

0.00 

0.00 

-1 

0 

2 

4 

2 

5.802 

-0.15 

0.00 

0.06 

0.00 

0.00 

0.00 

1 

0 

0 

0 

2 

27.780 

-0.20 

0.00 

0.08 

0.00 

0.00 

0.00 

-1 

0 

2 

-2 

1 

-3Z606 

-0.20 

0.00 

0.11 

0.00 

0.00 

0.00 

0 

-2 

2 

-2 

1 

6186311 

-0.15 

0.00 

0.08 

0.00 

0.00 

0.00 

-2 

0 

0 

0 

1 

-13.749 

-0.23 

0.00 

0.13 

0.00 

0.00 

0.00 

2 

0 

0 

0 

1 

13.805 

0.21 

0.00 

-0.11 

0.00 

0.00 

0.00 

3 

0 

0 

0 

0 

9.185 

0.16 

0.00 

■0.01 

0.00 

0.00 

0.00 

1 

1 

2 

0 

2 

8.910 

0.24 

0.00 

-0.10 

0.00 

0.00 

0.00 

0 

0 

2 

1 

2 

9340 

0.16 

0.00 

-0.07 

0.00 

0.00 

0.00 

1 

0 

0 

2 

1 

9.627 

-0.10 

0.00 

0.05 

0.00 

0.00 

0.00 

1 

0 

2 

2 

1 

5.638 

-0.13 

0.00 

0.07 

0.00 

0.00 

0.00 

1 

1 

0 

-2 

1 

-34.669 

-0.06 

0.00 

0.03 

0.00 

0.00 

0.00 

0 

1 

0 

2 

0 

14.192 

-0.06 

0.00 

0.00 

0.00 

0.00 

0.00 

0 

1 

2 

-2 

0 

117339 

-0.06 

0.00 

0.00 

0.00 

0.00 

0.00 

0 

1 

-2 

2 

0 

-329.791 

-0.09 

0.00 

0.00 

0.00 

0.00 

0.00 

1 

0 

-2 

2 

0 

32.764 

-0.06 

0.00 

0.00 

0.00 

0.00 

0.00 

1 

0 

-2 

-2 

0 

-9330 

-0.06 

0.00 

0.00 

0.00 

0.00 

0.00 

1 

0 

2 

-2 

0 

23.775 

-0.07 

0.00 

0.00 

0.00 

0.00 

0.00 

1 

0 

0 

4 

0 

-10.085 

-0.14 

0.00 

-0.01 

0.00 

0.00 

0.00 

2 

0 

0 

4 

0 

-15.906 

-0.13 

0.00 

0.00 

0.00 

0.00 

0.00 

0 

0 

2 

4 

2 

4.793 

-0.07 

0.00 

0.03 

0.00 

0.00 

0.00 

0 

0 

2 

•t 

2 

25.420 

-0.07 

0.00 

0.03 

0.00 

0.00 

0.00 

-2 

0 

2 

4 

2 

7349 

-0.12 

0.00 

0.03 

0.00 

0.00 

0.00 

2 

0 

2 

2 

2 

4.684 

-0.11 

0.00 

0.05 

0.00 

0.00 

0.00 

0 

-1 

2 

0 

1 

14.162 

-0.07 

0.00 

0.03 

0.00 

0.00 

0.00 

0 

0 

-2 

0 

1 

-13379 

-0.06 

0.00 

0.03 

0.00 

0.00 

0.00 

0 

0 

4 

-2 

2 

12.663 

0.09 

0.00 

-0.04 

0.00 

0.00 

0.00 
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TABLE  1  Continued.  The  2MOA-1 990  nuudon  series. 


Fundamental  Period  ^¥oui  dfowi 


arguments 


/ 

/' 

F 

D 

12 

(solar  days) 

0 

1 

0 

0 

2 

409.234 

0.07 

1 

1 

2 

-2 

2 

22A69 

0.13 

3 

0 

2 

-2 

2 

8.745 

0.09 

-2 

0 

2 

2 

2 

14.632 

0.13 

-1 

0 

0 

0 

2 

-27333 

0.14 

0 

0 

-2 

2 

1 

-169.002 

0.09 

0 

1 

2 

0 

1 

13.143 

O.OS 

-1 

0 

4 

0 

2 

9.057 

0.11 

2 

1 

0 

-2 

0 

131.671 

0.11 

2 

0 

0 

2 

0 

7.127 

0.06 

2 

0 

2 

-2 

1 

12.787 

0.10 

2 

0 

-2 

0 

1 

-943.227 

0.07 

1 

-1 

0 

-2 

0 

-29.263 

0.09 

-I 

0 

0 

1 

1 

-388.267 

0.10 

-1 

-1 

0 

2 

1 

35.026 

0.07 

0 

1 

0 

1 

0 

27322 

0.05 

3 

0 

2 

2 

2 

4.003 

-0.01 

1 

0 

2 

4 

2 

4.083 

-0.02 

4 

0 

2 

0 

2 

4379 

-0.03 

2 

0 

2 

2 

1 

4.680 

-0,02 

0 

0 

2 

4 

1 

4.789 

-0.01 

3 

0 

2 

0 

1 

5.488 

-0.05 

1 

1 

2 

2 

2 

5357 

0.01 

1 

-1 

2 

2 

2 

5.731 

-0.06 

•1 

0 

2 

4 

1 

5.797 

-0.03 

-1 

-1 

2 

4 

2 

5.895 

-0.02 

2 

1 

2 

0 

2 

6.733 

0.04 

0 

0 

4 

0 

2 

6.817 

0.02 

2 

0 

2 

0 

0 

6.846 

0.(B 

0 

1 

2 

2 

2 

6.961 

0.05 

1 

0 

2 

1 

2 

6.976 

0.03 

2 

-1 

2 

0 

2 

6.991 

■0.05 

0 

0 

2 

2 

0 

7.081 

0.04 

2 

0 

0 

2 

1 

7.135 

-0.01 

0 

-1 

2 

2 

1 

7329 

-0.04 

-2 

0 

2 

4 

1 

7341 

-0.02 

0 

-1 

2 

2 

2 

7336 

-0.01 

0 

0 

0 

4 

0 

7383 

0.05 

0 

0 

0 

4 

1 

7391 

-0.02 

1 

0 

4 

-2 

2 

8.676 

0.02 

3 

0 

2 

-2 

1 

8.734 

0.02 

1 

1 

2 

0 

1 

8.898 

0.04 

-1 

0 

4 

0 

1 

9.045 

0.02 

0 

1 

2 

1 

2 

9.107 

-0.02 

-3 

0 

0 

0 

1 

-9.172 

-O.Ol 

-1 

1 

2 

2 

2 

9313 

0.06 

0 

0 

2 

1 

1 

9327 

0.03 

1 

-1 

2 

0 

1 

9354 

-0.04 

-1 

0 

0 

-2 

1 

-9.600 

-0.04 

-1 

•1 

2 

2 

1 

9.799 

-0.05 

1 

-1 

0 

2 

0 

9.874 

0.05 

1 

0 

0 

-4 

1 

-10.070 

-0.01 

-1 

0 

0 

4 

1 

10.100 

-0.02 

-1 

-1 

0 

4 

0 

10371 

0.01 

2 

1 

2 

-2 

2 

12377 

0.03 

0 

0 

4 

-2 

1 

12.639 

0.02 

WiSSBi 

msBsm 

KiiiS 

0.00 

-0.03 

0.00 

0.00 

-0.05 

0.00 

0.00 

-0.04 

0.00 

0.00 

-0.06 

0.00 

0.00 

-0.06 

0.00 

0.00 

0.00 

0,00 

-0.04 

0.00 

0.00 

0.00 

0.00 

-0.04 

G.OO 

0.00 

0.00 

0.00 

-0.05 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

-0.05 

0.00 

0.00 

0.00 

0.00 

-0.04 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

-0.04 

0.00 

0.00 

0.00 

0.00 

-0.04 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

0.02 

o.co 

0.00 

0.00 

0.00 

-0.01 

0.00 

0.00 

0.00 

0.00 

0.02 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

-0.02 

0.00 

0.00 

0.00 

0.00 

-0,01 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

-0,02 

0.00 

0.00 

0.00 

0.00 

-0.01 

0.00 

0.00 

0.00 

0.00 

0.02 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

0.02 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

-0.01 

0.00 

0.00 

0.00 

0.00 

-0.01 

0.00 

0.00 

0.00 

0.00 

-0.02 

0.00 

0.00 

0.00 

0.00 

■0.01 

o.co 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

•0.02 

0.00 

0.00 

0.00 

0.00 

-0.01 

0.00 

0.00 

0.00 

0.00 

0.02 

0.00 

0.00 

0.00 

0.00 

0.03 

0.00 

0.00 

0.00 

0.00 

0.02 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

-0.01 

0.00 

0.00 

0.00 

0.00 

-0.01 

0.00 

0.00 

0.00 
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TABLE  1  Continued.  The  2MOA-1990  nuudon  teriei. 


Fundamental 
aiitumenti 
I  r  F  D  £1 


(solar  days) 


dfiv, 

^VOHI 

(mas)_ 

(mas/cy) 

(mas) 

(mas/cy) 

(mas) 

(mas) 

1 

0 

2 

-1 

2 

13:22 

2 

1 

0 

0 

0 

1327 

0 

0 

2 

0 

1 

13.63 

0 

0 

2 

0 

3 

13.68 

0 

1 

0 

2 

1 

1422 

1 

0 

0 

1 

0 

1425 

2 

-1 

0 

0 

0 

1421 

-2 

0 

2 

2 

1 

14.60 

0 

0 

0 

-2 

2 

-14.70 

0 

0 

0 

2 

2 

14.831 

0 

1 

0 

-2 

1 

-1525 

0 

-1 

0 

2 

1 

15.42 

2 

0 

0 

-4 

1 

-15.86' 

-2 

0 

0 

4 

1 

15.94: 

0 

-2 

0 

2 

0 

16.06' 

0 

0 

2 

-4 

1 

-16.ia 

1 

1 

2 

-2 

1 

2229i 

-1 

1 

2 

0 

2 

2522 

-1 

-1 

0 

0 

1 

-25.52 

1 

1 

0 

0 

! 

25.715 

1 

0 

-2 

0 

1 

-26.775 

0 

0 

1 

0 

1 

2722 

-1 

■1 

2 

0 

2 

29263 

-1 

1 

0 

2 

1 

2929C 

0 

0 

0 

-1 

1 

-29.403 

0 

0 

0 

1 

1 

29.655 

-1 

1 

0 

0 

1 

-29.673 

1 

■1 

0 

0 

1 

29.93- 

1 

0 

0 

-2 

2 

•31.31- 

-1 

0 

0 

2 

2 

32.112 

-1 

0 

2 

-2 

2 

-32451 

-1 

1 

2 

-2 

1 

-35.803 

-1 

-2 

0 

2 

0 

38522 

1 

0 

2 

-4 

1 

-38.742 

0 

3 

2 

-2 

2 

73.051 

0 

3 

0 

0 

0 

121.753 

-2 

-1 

0 

2 

1 

-129.169 

0 

0 

2 

-2 

1 

177.84) 

0 

-2 

0 

0 

1 

-177.852 

0 

0 

2 

-2 

3 

187.662 

2 

0 

0 

-2 

2 

219.167 

-2 

1 

2 

0 

1 

285.406 

-2 

1 

2 

0 

2 

297.913 

-1 

0 

2 

-1 

1 

313.042 

0 

-1 

0 

0 

2 

-329.819 

1 

0 

0 

-1 

1 

438235 

-2 

•1 

2 

0 

2 

-471.950 

-2 

-1 

2 

0 

1 

-507.157 

-3 

0 

2 

1 

2 

-552625 

0 

0 

0 

0 

3 

•2266.128 

-1 

-1 

2 

-1 

2 

3230.131 

-1 

0 

1 

0 

1 

323U95 

-1 

0 

1 

0 

2 

6159.135 

The  cuution  series  U  evilueted  luinj  lia  for  the  In-phsie  component  of  the  nuuikn  ia  longitudov  Af,  ml  co<  ^  for  the  oui-of-phats 
component.  For  the  nuutioo  in  obliquity,  ^  cor  it  uie4  for  the  nvphuecomponcit  ml  sin  Qf  for  the  mit-of-phaie  component,  sriwre  ^’ii 
the  irgtiment  of  ths  nutitioii  (tee  Htniitf  tl  aL  (1990]  for  dcuili).  The  cnefneienu  «e  refcnncetl  to  J2000,  end  the  ntet  ere  spplicd  from 
this  epoch. 
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Since  the  ZMOA-1990  series  is  largely  a  geophysical  one,  it  does  not  match  the  VLBI  derived  coefficients 
exactly.  In  particular,  there  are  four  notable  differences  which  are  discussed  in  Herring  et  al.  [1990],  In 
decreasing  order  of  significance  they  are:  (1)  the  out-of-phase  correction  to  the  retrograde  annual  nutation 
(039±0.(M  mas);  (2)  the  in-phase  correction  to  the  prograde  13.7  day  nutation  (-0.25±0.04  mas);  (3)  the 
amplitude  of  a  nutation  at  the  resonance  frequency  of  the  retrograde  free  core  nutation  (RFCN)  mode 
(0.26±0.04  mas);  and  (4)  the  out-of-phase  correction  to  the  prograde  annual  nutation  (0,13i0.04).  Our  aim 
here  is  to  discuss  the  likely  causes  of  these  differences  and  the  impact  of  these  causes  on  the  ZMOA-1990 
nutation  series.  Items  (3)  and  (4)  are  discussed  in  detail  in  Herring  et  al.  [1990]  and  will  not  be  discussed 
further  here  except  to  mention  that  item  (3)  indicates  the  detection  of  a  signal,  amplitude  0.26  mas,  at  the 
resonance  frequency  of  the  RFCN  mode,  and  item  (4)  is  disturbing  in  that  there  is  no  apparent  explanation  for 
its  presence.  We  are  now  investigating  the  possibility  that  this  latter  term  arises  from  the  annual  term  associ¬ 
ated  with  the  same  general  relativistic  effect  which  causes  de  Sitter  geodetic  precession. 

An  additional  complication  which  has  arisen  in  developing  models  for  the  motion  of  the  Earth  in  inertial 
space  is  that  the  conventional  nutations  no  longer  appear  to  be  the  only  ‘'forced”  motions  of  the  Earth. 
Recent  computations  of  the  effects  of  tidally  induced  ocean  currents  on  UTl  by  Brosche  et  al,  [1989]  have 
shown  that  there  should  be  diurnal  and  semidiurnal  variations  in  the  rotation  rate  of  the  Earth  with  amplitudes 
of  order  0.3  mas  (0.02  milli-time-scconds,  ms).  These  signals  have  now  been  observed  with  VLBI  [Dong  and 
Herring,  1990),  and  are  likely  to  be  responsible  for  the  second  difference  noted  above.  To  further  complicate 
matters,  it  also  seems  likely  that  the  cunently  available  solid-earth  tide  and  ocean-tidal  loading  models  are  not 
adequate  for  modeling  hi^  precision  geodetic  data.  Therefore  not  only  must  a  new  nutation  series  be 
obtained,  but  also  models  for  prograde  diurnal  polar  motion,  ^ .  ograde  and  renograde  semidiurnal  polar 
motion,  diurnal  and  semidiurnal  UTl  variations,  and  tidal  displacements  in  the  diurnal  and  semidiurnal  bands 
need  to  be  adopted.  Since  these  new  tidal  models  are  likely  to  arise  from  ocean  effects,  and  thus  contain 
multiple  spherical  harmonic  coefficients  for  a  given  temporal  frequency,  a  method  needs  to  be  adopted  for 
separating  deformations  ftom  rotational  variations. 

2,  Discussion  of  differences  between  ZMOA-1990  and  VLBI  results 

As  discussed  in  Herring  et  al.  [1990],  the  most  likely  cause  for  the  difference  at  the  rcu-ogradc  annual 
frequency  is  a  dissipative  process  acting  at  or  very  near  the  core-mantle  boundary.  It  is  unlikely  that  this 
process  can  be  accommodated  with  the  current  anelasiicity  models  for  the  mantle  because  these  models 
affect  the  eigenfunction  of  RFCN  mode  more  than  the  resonance  frequency,  and  thus  impact  many  lenns  in 
the  nutation  series  and  not  just  the  retrograde  annual  nutation.  Also,  the  anelasticity  models  affect  the  in- 
phase  nutation  amplitude  more  than  the  out-of-phase  component  and  thus  would  change  terms  which 
currently  show  no  disagreement  between  theory  and  observation.  It  is  also  unlikely  that  this  difference  ar/ses 
from  the  ocean  tide  effects  on  UTl  discussed  in  tlie  introduction  because  of  the  small  size  of  the  yq  tide  that 
drives  this  nutation. 

The  likely  effects  of  dissipation  on  the  core-mantle  boundary  have  been  studied  by  estimating  selected 
coefficients  of  the  normalized  response  function,  ijfcr),  directly  from  the  nutation  angle  data.  The  functional 
form  for  Jjfa)  used  by  Mathews  et  al  is: 

q(q)  =  R+R'(l-w>flQRc/(o^aa)  (1) 

where  a  sums  over  the  four  nonnal  modes;  CW,  Chandler  wobble;  RFCN,  retrograde  free  core  nutation; 
PFCN,  prograde  free  core  nutation;  and  ICW,  inner  core  wobble;  aa  and  Rq  denote  the  eigcnfrequencics 
and  “oscillator  strengths",  respectively;  and  a  is  the  frequency  of  the  forced  nutations  seen  from  the  rotating 
Earth.  (See  Mathews  et  al.,  l^a  for  detailed  discussions  of  this  form  of  expansion.)  The  frequencies  arc  in 
cycles  per  sidereal  day  (cpsd).  For  studying  core-mantle  boundary  dissipation  the  Ra  and  aa  for  the  RFCN 
mode  were  estimated  as  complex  values.  The  estimates  of  these  four  parameters  are  given  in  Table  2  for  the 
entry  ZMOA-1990-2  along  with  the  values  computed  from  the  geophysical  theory  (simply  ZMOA-1990)  and 
the  values  obtained  when  the  real  part  of  R'is  also  estimated  (2avlOA-1990-l).  (For  historical  reasons  this 
later  solution  which  will  be  discussed  below  is  entitled  21MOA-1990-1.)  As  expected,  the  estimation  of  these 
parameters  reduced  the  difference  between  the  observed  value  for  the  out-of-phase  component  of  the 
retrograde  annual  nutation  from  -0.39  mas  to  0.01  mas  without  affecting  greatly  the  other  terms  in  the 
nutation  series.  The  most  affected  nutation  amplitudes  were  the  out-of-phase  terms  for  the  reuogradc  18.6 
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year  and  prograde  semiannuai  nutations.  The  nutation  series  terms  which  differ  between  ZMOA-1990  and 
ZMOA-1990-2  by  more  0.01  mas  are  given  in  Table  3. 

TABLE  2.  Sundud  and  Ea timated  values  for  selected  terms  in  the  Normalized  Response  Function  Model  (see 
text  for  discussion). 


Series 

Rkfch 

Crfch 

R’ 

Real 

Imag. 

Real  (cpsd) 

Imag  (cpsd) 

Real 

ZMOA-1990 

-1.1978x10-4 

- 

-1.0023203 

- 

-0.28034 

ZMOA-1990-1 

-1.1978x10-4  ± 
0.0012x10-4 

0.0075x10-4  ± 
0.0012x10-4 

-1.0023207  ± 
0.0000020 

0.0000168  ± 
0.0000020 

-0.2487  ± 
0.0050 

2KfOA-1990-2 

-1.1976x10-4  ± 
0.0012x10-4 

0.0075x10-4  ± 
0.0012x10^ 

-1.0023206  ± 
0.0000020 

0.0000168  ± 
0.0000020 

-0.28034 

TABLE  3.  Coefficients  of  the  2MOA-1990-2  nutation  series  that  differ  &om  2MOA-1990. 


/ 

Fundamental 

arguments 

r  F  D 

n 

Period 

(solar  days) 

Afffin 

(mas) 

AVtn 

(mas/cy) 

Aeu 

(mas) 

ACin 

(mss/cy) 

AVoui 

(mas) 

ACout 

(mas) 

0 

0 

0 

0 

1 

-6798383 

•mo6.io 

-17.43 

920535 

0.90 

ZJS 

1.68 

0 

0 

2 

-2 

2 

18Z621 

-1317.14 

4).16 

573.05 

-031 

-130 

-0.52 

0 

0 

X 

0 

2 

13.661 

-227.56 

-0.02 

97.79 

■0.05 

-0.02 

0.01 

0 

0 

0 

0 

2 

-3399.192 

20731 

0.02 

•i9.V 

0.05 

-0.08 

-0.03 

0 

1 

0 

0 

0 

365360 

147.64 

-036 

732 

-0.02 

0.82 

-0.28 

1 

0 

0 

0 

0 

27355 

71.11 

0.01 

-0.67 

0.00 

•0.03 

0.03 

0 

1 

2 

-2 

2 

121.749 

-51.68 

0.12 

22.44 

-0.07 

-0.06 

-0.02 

0 

0 

2 

0 

1 

13.633 

-38.71 

-0.04 

20.06 

0.00 

-0.01 

0.00 

1 

0 

2 

0 

2 

9.133 

-30.12 

0.00 

12.89 

-0.01 

0.03 

0.01 

Erom  the  form  of  the  normalized  response  function  it  is  clear  the  difference  between  the  in-phase  part  of 
the  prograde  13.66  day  nutation  can  be  reduced  by  estimating  a  correction  to  the  R'  coefficient.  The  results 
of  such  an  estimation  are  also  given  in  Table  2  for  the  entry  ZMOA-1990-1.  (There  was  no  significant 
difference  to  the  out-of-phase  term  for  this  nutation  amplitude  and  therefore  the  imaginary  part  of  R'  was  not 
estimated.)  The  nutation  series  coefficients  which  differ  from  ZMOA-1990  are  given  in  Table  4.  However, 
as  mentioned  in  the  introduction,  recent  investigations  have  shown  that  the  difference  in  the  13.66  day 
nutation  is  likely  to  arise  from  aliasing  of  the  diurnal  UTl  variations  into  the  estimates  of  the  nutations.  Tri^ 
solutions,  using  about  250  of  the  approximately  1000  available  VLBI  experiments,  have  shown  that 
estimating  diurnal  UTl  variations  reduces  the  difference  between  the  21MOA-1990  value  for  the  13.66  day 
nutation  amplitude  and  the  estimated  value  to  less  than  O.OS  mas;  a  difference  consistent  with  uncertainty  of 
the  estimated  value.  For  this  reason,  the  ZMOA-1990-1  nutation  series,  while  matching  the  existing  VLBI 
nutation  angles  better  than  any  other  series,  is  not  likely  to  be  correct  The  estimated  values  of  the  diurnal 
UTl  variations  match  those  predicted  by  Brosche  et  ah  [1989]  to  within  about  10%;  in  the  semidiurnal  band, 
the  VLBI  estimates  ate  about  half  the  size  of  the  Brosche  et  al.  predicrions. 

For  the  solutions  in  which  the  coefficients  of  the  normalized  response  function  were  estimated,  the 
precession  constant  and  linear  rate  of  change  of  the  obliquity  of  the  ecliptic  were  more  precisely  estimated 
because  the  amplitudes  of  the  18.6  year  nutations  were  effectively  constrained  by  the  normalize  response 
function  and  rigid  Earth  nutation  series.  In  Table  5,  we  give  the  estimates  of  the  corrections  to  the  luni-soiar 
precession  constant,  Ap,  and  Ad^dt  for  each  of  tiw  ZMOA  nutation  series  and  for  the  solution  given  in 
Herring  et  al.  [1990].  We  also  give  the  difference  between  the  estimates  of  the  out-of-phase  component  of 
the  18.6  year  period  nutation  in  longitude  for  each  of  these  series  and  the  ZMOA-i990  vdue.  This  particular 
nutation  series  coefficient  is  the  one  most  highly  correlated  (-77%)  with  the  correction  to  the  precession 
constant  For  both  ZMOA-1990-1  and  ZMOA-lS^2  the  value  of  Aieidt  is  very  close  to  zero  as  should  be 
expected  [see  e.gn  Rochester,  1976]. 
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TABLE  4.  CofJficients  of  the  ZMOA-1990-1  nutation  series  that  differ  from  ZMOA-1990. 


/ 

Fundamentxl 

arguments 

V  F  D 

n 

Period 

(solar  days) 

dV'M 

(mas) 

Aw* 

(mas/cy) 

(mas) 

A£i« 

(mas/cy) 

^Woul 

(mss) 

ACout 

(mas) 

0 

0 

0 

0 

1 

-6798383 

-17206.53 

-17.43 

9205.18 

0,90 

3.71 

1.66 

0 

0 

2 

-2 

2 

182.621 

-1317.38 

-0.16 

573.14 

-0.31 

-130 

-0.52 

0 

0 

2 

0 

2 

13.661 

-228.11 

-0.02 

98.00 

-0.05 

-0.02 

0.01 

0 

0 

0 

0 

2 

-3399.192 

20731 

0.02 

-89.77 

0.05 

-0.08 

-0.03 

0 

1 

0 

0 

0 

365360 

147.65 

-036 

732 

-0.02 

0.82 

-0.28 

1 

0 

0 

0 

0 

27355 

71.11 

0.01 

-0.70 

0.00 

-0.03 

0.03 

0 

1 

2 

-2 

2 

121.749 

-51.70 

0.12 

22.44 

-0.07 

-0.06 

-0.02 

0 

0 

2 

G 

1 

13.633 

-38.82 

-0.04 

20.10 

0.00 

-0.01 

0.00 

1 

0 

2 

0 

2 

9.133 

-30.23 

0.00 

12.93 

-0.01 

0.03 

0.01 

0 

-1 

2 

-2 

2 

365.225 

21.61 

-0.05 

-9.60 

0.03 

0.01 

0.01 

1 

0 

0 

-2 

0 

-31,812 

-15.70 

0.00 

-0.13 

0.00 

-0.01 

-0.01 

0 

0 

2 

-2 

1 

177.844 

1Z92 

0.01 

-6.98 

0.00 

0.02 

0.00 

-1 

0 

2 

0 

2 

27.093 

1Z36 

0.00 

-534 

0.00 

0.01 

0.00 

1 

0 

0 

0 

1 

27.667 

6.33 

0.01 

-333 

0.00 

0.00 

0.00 

0 

0 

0 

2 

0 

14.765 

6.36 

0.00 

-0.12 

0.00 

0.00 

0.00 

-1 

0 

2 

2 

2 

9357 

-5.98 

0.00 

236 

0.00 

0.00 

0.00 

-1 

0 

0 

0 

1 

-27.443 

-5.80 

-0.01 

3.15 

0.00 

0.00 

0.00 

1 

0 

2 

0 

1 

9.121 

-5.17 

0.00 

2.65 

0.00 

0.00 

0.00 

2 

0 

0 

-2 

0 

205.892 

4.79 

0.00 

0.05 

0.00 

0.00 

0.00 

-2 

0 

2 

0 

1 

1305.479 

4.60 

0.00 

-2.43 

0.00 

0.00 

0.00 

0 

0 

2 

2 

2 

7.096 

-3.86 

0.00 

1.65 

0,00 

0.00 

0.00 

2 

0 

2 

0 

2 

6.859 

-3.11 

0.00 

132 

0.00 

0.00 

TABLE  5.  Estimated  conections  to  the  IAU-1980  luni-solar  precession  constant,  Ap;  to  the  rate  of  change  of  the 
obliquity  of  the  ecliptic,  deJdf,  and  to  the  ZMOA-1990  value  for  the  out-of-phase  component  of  the  18.6  year  period 
nutation  in  longitude;  for  the  ZMOA-1990  nutation  scries  and  its  two  variants  discussed  in  tlie  text 


Series 

Ap  ("/cent) 

AdeJdt  {"Icenl) 

(^Awlig.e  Year 

VLBI:  coefncienis  estimated 

-0.32  ±0.13 

-0.04  ±0.05 

23  ±  3.8 

ZMOA-1990 

-0.27  ±0.02 

-0.03  ±0.005 

— 

ZMOA-1990-1 

-0.30  ±0.04 

0.0l5±0.01'» 

1.8 

ZMOA-1990-2 

-0.31  ±0.04 

0.01^.015 

1.9 

The  "VLBI:  coefficient  ettimeied"  line  refen  to  the  solution  given  in  Htrring  el  al.  (1990)  obuined  when  complex  eocaponenli  of  18 
nuution  amplitudes  in  the  sene'  are  estimated;  the  ZMOA-1990  line  gives  the  estimates  when  only  itp  and  Adddt  are  estimated  (in  this  case 
the  series  value  i  yett  u  and  no  estimate  is  given  for  the  difference);  and  the  ZMOA-1990-1  and  ZMOA-1990-2  lines  arc  foe 

the  series  obtained  when  seleaed  terms  in  the  normalized  response  function  a;e  estimated.  The  Utter  two  cases  the  values  for  (6v'i)|  j  j 
are  the  differences  between  each  of  the  series  and  ZMOA-1990. 


3.  Conclusions 

Of  the  three  nutation  series  presented  here,  ZMOA-1990-2  is  likely  to  be  the  most  accurate  one,  although  this 
series  should  be  used  in  conjunction  with  diurnal  and  semi-diurnal  UTl  variations  if  the  full  motion  of  the 
Earth  in  inertial  space  is  to  be  obtained.  Associated  with  this  series  is  a  correction  of  -0.31  ±  0.04  "/cent  to 
the  luni-solar  precession  constant.  This  correction  is  consistent  with  the  value  obtained  from  LLR,  -0.27  ± 
0.04  "/cent.  To  understand  the  likely  errors  incurred  in  using  the  IAU-1980  nutation  series  and,  to  some 
extent,  the  uncertainty  in  ZMOA- 1990-2  series,  we  show  in  Figure  1  the  difference  between  the  ZMOA- 
1990  and  IAU-1980  scries,  and  the  difference  between  ZMOA-1990  and  ZMOA- 1990-1  over  the  twenty 
year  interval  between  1980  and  2000.  CUie  ZMOA-1990-2  yields  results  almost  identical  to  ZMOA-1990-1 
except  that  the  high  frequency  component  arising  from  the  13.66  day  nutati  is  not  present  We  do  not  show 
this  difference  for  clarity.)  Over  this  twenty  year  interval,  the  IAU-1980  nutation  series  and  the  IAU-1976 
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precession  constant  are  likely  to  introduce  errors  in  the  the  realization  of  an  inertial  frame  of  about  70  mas 
(approximately  28  mas  in  the  celestial  pole  position).  The  differences  between  the  ZMOA  models  is  about 
10%  of  this  v^ue,  and  thus  while  there  is  still  uncertainty  in  tlie  appropriate  values  of  the  parameters  in  the 
geophysical  model  of  the  nutations,  these  uncertainties  are  probably  less  that  10%  of  the  errors  in  the  current 
lAU  nutation  series. 

FIGURE  1.  Differences  between  ZMOA-1990  snd  the  IAU-1980  nutation  in  longitude  (top  figure)  and  nutation  in 
obliquity  (lower  figure).  Also  shown  is  the  difference  between  21MOA-1990-1  and  ZMOA-1990.  These  latter 
values  are  indicative  of  the  uncertainty  in  the  parameters  of  the  current  geophysical  models  for  nutations.  The 
scales  have  been  selected  such  that  each  figure  represents  the  same  amount  of  pole  dbplacemenL 


Year 


References 

Broschc,  P.,  U.  Seiler,  J.  SOndermann,  and  J.  WUnsch  (1989)  Astron.  Astrophys.,  220, 318-320. 

Dong.  D..  and  T.  A.  Herring  (1990)  EOS  Trans.  AGO.  71. 482. 

Gwiim,  C.  R.,  T.  A.  Herring,  and  1. 1.  Shapiro  (1986)7.  Geophys.  Res.,  91, 4755-4765. 

Hager,  B.  H..  R.  W.  Clayton,  M.  A.  Richards,  R.  P.  Comer,  and  A.  M.  Dziewonski  (1985)  Nature,  91,  541-545. 
Herring,  T.  A.,  C.  R.  Gwinn,  and  1. 1.  Shapiro  (1986)  7.  Geophys.  Res.,  91,  4755-4765,  (Correction,  1986,  7. 
Geophys.  Res.,  91, 14165.) 


166 


Herring,  T.  A.,  B.  A.  Buffett,  P.  M.  Mithewi,  end  L  I.  Shapiro  (1990)  "Forced  nuuiiotjs  of  the  Earth;  Influence  of 
inner  core  dynamic*.  M.  Very  long  baaelirw  interferometiy  data  arudysU,"  J,  Geophys.  Res.,  in  press. 

Kinoshita,  H.,  and  J.  Souchay  (1990)  "The  theory  of  the  nutation  for  the  rigid  Earth  model  at  the  second  order,” 
submitted  Celes.  Meek. 

Mathews,  P.  M.,  B.  A.  Buffett,  T.  A.  Herring,  and  I.  L  Shapiro  (1990a)  "Forced  nutations  of  the  Earth:  Influence  of 
inner  core  dynamics.  I.  Theory,"  J.  Geophys.  Res.,  in  press. 

Mathews,  P.  M.,  B.  A.  Buffett,  T.  A.  Herring,  and  I,  L  Shapiro  (19906)  "Forced  nuution*  of  the  Earth:  Influence  of 
inner  core  dynamics.  IL  Numerical  results,”  7.  Geophys.  Res.,  in  press. 

Morelli,  A.,  and  A.  M.  Dziewonsld  (1987)  Nature,  325, 867-S83. 

Neuberg,  J.,  J.  Hinderer,  and  W.  Zum  (1987)  Geophys.  J.  R.  Astron.  Soc,  91,  853-868. 

Rochester,  M.  G.  (1976)  Geophys.  J.  R.  Astron.  &)C.,  46, 109-126. 

Sailor,  R.  and  A.  M.  Dziewonski  (1978)  Geophys.  J.  R.  Astron.  Soc.,  53, 559-581. 

Seidelmann,  P.  K.  (1982)  Celes.  Mech.,  27, 79-106. 

Sipkin,  S.  A.,  and  T.  K  'ordan  (1980)  Bull.  Seism.  Soc.  Am.,  70, 1071-1102. 

Wahr,  J.  M.,  and  Z.  B»  ;  m  (1986)  Geophys.  J.  R.  Astron.  Soc.,  87, 633-668. 

Wahr,  J.  M.,  and  T.  Sasao  (1981)  Geophys.  J.  R.  Astron.  Soc.,  64, 747-765. 

Williams.  G.  G.,  X  X  Newhall,  and  J.  O.  Dickey  (1990)  "Luni-solar  precession— determination  from  lunar  laser 
ranging,”  Astron.  Astrophys.,  in  press. 

Zhu,  S.Y..  and  E.  Groten  (1989)  Astron.  J.,  98. 1 104-1111. 

Zhu,  S.  Y.,  E.  Groten,  and  Ch.  Reigber  (1990)  Astron.  J.,  99, 1024-1044. 

AeiMwltdgitunU.  Thii  work  wu  nippactcd  by  the  Nationil  Science  Foundetion  under  grant  EAR-89-05S60,  by  the  National  AerooautJrr 

and  Space  Adminiitrttioo  under  grant  NAO  S-538,  and  by  the  National  Oceanofraphic  and  Ataoipheric  AdminiitratJoa  under  grant 

NA90AA-D-AC4gl. 


LONG- PERIOD  PERTURBATIONS  IN  TERRESTRIAL  REFERENCE  FRAMES 
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ABSTRACT.  Oceanic  and  fluid  core  effects  inherent  in  polar  motion  and 
l.o.d.-data  were  analyzed  and  related  results  are  discussed  in  detail. 

A  new  exact  analytic  solution  to  the  hydrodynamic  equations  is  ob¬ 
tained,  which  describes  tidal  motions  at  low  frequencies  in  a  homoge¬ 
neous,  incompressible,  inviscid  liquid  core  with  arbitrary  core -mantle 
topography.  Some  geophysical  and  astrometrical  consequences  of  this 
solution  are  considered. 

The  numerical  estimation  of  the  deviations  of  the  pole  tide  from 
the  static  one  is  obtained.  A  new  J  ,  ^thesis  is  proposed  that  the 
known  interrelation  between  long-term  amplitude  and  frequency  variati¬ 
ons  in  Chandler  wobble  may  be  attributed  to  the  influence  of  turbulent 
friction  of  non-equilibrium  pole  tide. 


1 .  INTRODUCTION 


Astrometric  space  missions  such  as  Hipparcos  may  substantially  contri¬ 
bute  to  relative  accuracy  of  stellar  and  o  '.er  (fundamental)  catalo¬ 
gues.  On  the  other  hand,  the  associated  absolute  systems  of  reference 
are  still  basically  referred  to  the  Earth.  Consequently,  any  impro¬ 
vement  in  modeling  the  irregular  rotation  of  the  Earth  with  respect  to 
the  celestial  frame  or  system  or  reference  contributes  also  to  the  im¬ 
plementation  of  celestial  reference  systems.  This  holds  for  optical  as 
well  as  for  radio  catalogues  (de  Vegt  et  al.,  1988,  Argue,  1989). 

In  this  paper  we  focus  on  the  long-period  variations  of  Earth  rota¬ 
tion  which  are  related  to  the  fluid  parts  of  the  Earth  :  (a)  oceanic 
effects  and  (b)  outer  core  perturbations.  By  "long-period"  effects  of 
periods  longer  than  a  few  months  up  to  about  14  months  (Chandlerian 
period)  is  meant.  The  emphasis  is  here  put,  as  far  as  the  oceanic  ef¬ 
fects  are  concerned,  on  pole  tide  which  is  basically  the  variation  of 
sea  surface  caused  by  the  varying  centrifugal  force  of  polar  motion. 
The  latter  reflects  the  changes  between  celestial  and  terrestrial  (in 
the  sense  of  GTS  -  Conventional  Terrestrial  System)  systems  and  there¬ 
fore  represents  the  transformation  parameters  for  the  transition  from 
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celestial  to  terrestrial  systems  and  vice  versa.  As  pole  tide  is  exci¬ 
ted  in  a  thin  layer  of  liquid  (in  comparison  with  the  Earth's  radius) 
two-dimensional  integrations  of  related  differential  equations  along 
the  Earth's  surface  are  sufficient  in  most  cases.  The  fundamental  phe¬ 
nomena  were  investigated  by  J,  Wahr,  S.  Dickmar*.  and  others  which  led 
to  the  conclusion  that  basically  pole  tides  are  in  equilibrium.  There¬ 
fore,  we  focus  here  on  the  finer  structure  of  such  effects;  this  is 
necessary  in  view  of  the  increased  accuracy  of  modern  observations  and 
analysis  methods.  It  affects  mainly  effects  such  as  the  dependence  of 
polar  motion  frequency  variations  on  its  amplitude  variations. 

The  influence  of  inner  and  outer  core  effects  on  polar  motion  and 
LOD-data  is  of  particular  importance  because  there  is  limited  informa¬ 
tion  on  the  Earth's  core;  there  are  relatively  few  phenomena  such  as 
Earth  tides,  free  vibrations  related  to  very  big  earthquakes,  geoma¬ 
gnetism,  seismology,  to  some  extent,  and  a  few  others  which  can  really 
give  reliable  information  on  the  detailed  structure  of  the  Earth's 
core.  Therefore,  the  analysis  of  Earth  rotation  data  in  terms  of  LOD- 
and  polar  motion  data  is  of  utmost  importance.  Mainly  the  detailed 
geometry  and  topography  of  the  core -mantle -boundary  (CMB)  is  important 
in  that  respect  as  well  as  the  physics  around  it  such  as  questions  of 
hydrostatic  equilibrium  etc.  which  are  closely  related  to  its  topogra¬ 
phy.  In  spite  of  impressive  recent  results  and  of  rather  general 
agreement,  within  certain  limits,  there  is  still  a  wide  disagreement 
on  details.  This  paper  aims  at  contributing  to  a  clearer  understanding 
of  related  phenomena. 

In  the  first  part  of  this  report  the  influence  of  the  CMB,  both  on 
the  Chandler  wobble  and  on  the  length  of  day  variation,  is  considered. 

A  new  analytical  solution  to  the  hydrodynamic  equations  is  obtai¬ 
ned,  which  describes  tidal  motions  at  low  frequencies  in  a  homoge¬ 
neous,  incompressible,  inviscid  liquid  core  with  arbitrary  core-mantle 
topography.  The  result  is  applied  to  the  estimation  of  the  influence 
of  the  core -mantle  boundary  topography  on  the  Chandler  wobble  and  on 
the  long-periodic  tidal  variations  of  the  length  of  day. 

It  is  found,  that  the  influence  of  CMB  topography  is  manifested  not 
only  in  the  changes  of  the  parameters,  describing  these  events  (period 
and  ellipticity  of  the  Chandler  wobble,  amplitudes  of  the  tidal  varia¬ 
tions  of  the  length  of  day),  but  also  leads  to  a  new  "cross-coupling" 
effect  of  (1)  the  excitation  of  the  length  of  day  variation  with  the 
Chandlerian  period  and  (2)  the  excitation  of  polar  motion  with  the  pe¬ 
riods  of  zonal  tidal  waves. 

The  orders  of  values  of  all  these  effects  are  strongly  dependent  on 
the  values  of  gradients  of  the  CMB  topography.  The  numerical  estima¬ 
tion  for  the  reasonaole  models  of  CMB- topography  shows,  that  the  in¬ 
fluence  of  CMB -topography  on  the  period  and  ellipticity  of  the  Chand¬ 
ler  wobble  as  well  as  the  excitation  of  the  polar  motion  by  the  long- 
period  tidal  waves  are,  however,  less  than  the  errors  of  the  modern 
VLBI -measurements .  But  at  the  same  time,  the  excitation  of  the  length 
of  day  variations  by  the  Chandler  wobble  is  significant.  As  a  result, 
the  analysis  of  the  observed  values  of  the  length  of  day  amplitudes  at 
Chandlei  frequency  makes  it  possible  to  obtain  new  information  concer- 
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ning  the  CMB  topography  of  the  actual  Earth.  Some  numerical  estimati¬ 
ons  of  this  type  are 

obtained  which  are  based  on  the  analysis  of  modern  VLBI  data. 

In  the  second  part  of  this  paper  the  influence  of  dynamical  pole 
tide  on  the  Chandler  wobble  is  considered.  The  results  of  new  numeri¬ 
cal  calculations  of  the  planetary  vorticity  maps  for  the  actual  ocean 
are  presented.  Some  qualitative  and  quantitative  estimations  of  the 
possible  d3mamical  effects  are  obtained. 

An  interesting  consequence  of  the  dynamical  theory  of  the  pole  tide 
is  the  conclusion,  that  the  system  (Earth  +  ocean)  is  not  linear.  It 
is  known,  that  the  frequencies  of  free  oscillations  of  such  systems 
are  dependent  on  the  amplitudes  of  the  oscillation.  As  a  result,  the 
frequency  of  the  Chandler  wobble  must  be  dependent  on  its  amplitude. 

The  qualitative  theoretical  analysis  of  this  effect  makes  it  possi¬ 
ble  to  conclude,  that  the  Chandler  period  is  an  increasing  function  of 
the  amplitude.  It  is  known,  that  a  similar  conclusion  was  made  by  Mel¬ 
chior  (1957)  (see  also  Munk  &  McDonald,  1960)  based  on  the  analysis  of 
polar  motion  data  since  1900,0.  Thus  we  may  conclude  that  it  is  possi¬ 
ble  to  attribute  this  event  to  the  influence  of  non- equilibrium  pole 
tide. 


2.  THE  SMALL  LONG-PERIODIC  OSCILLATIONS  OF  THE  HOMOGENEOUS  INCOM¬ 
PRESSIBLE  INVISCID  LIQUID,  CLOSED  IN  THE  RIGID  NONUNIFORMLY 
ROTATING  CONTAINER  WITH  ARBITRARY  GEOMETRY. 


The  small  oscillations  of  the  homogeneous  incompressible  inviscid  li¬ 
quid  are  described  in  the  uniformly  rotating  system  of  Cartesian  coor¬ 
dinates  by  the  known  system  of  governing  equations  and  boundary  condi¬ 
tions  (Lamb,  1932): 


V  +  2uxv  +  wxwxr  +  wxr  -  -  V 


P 

-  +  V 


[.P 


(la) 


V  •  V  -  0 


(lb) 


(V,i3)|,  -0  ,  (2) 

where  w  is  the  vector  of  the  angular  velocity  of  the  system  of  coor¬ 
dinates,  r  is  the  radius -vector, 

V  -  r  is  the  velocity  of  the  element  of  fluid  with  respect  to 
this  system,  p  -  pressure,  p  -»  density,  V  is  the  gravitational  poten¬ 
tial,  the  dot  above  a  symbol  denotes  the  time  derivative  with  respect 
to  the  non-uniformly  rotating  system  of  coordinates,  N  is  the  outer 
normal  to  the  boundary  surface  s. 
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We  adopt  the  system  of  Cartesian  coordinates  (x,y,z)  which  is  ri¬ 
gidly  connected  with  the  container  in  such  way,  that 
Jo)  |«W2  (z  is  the  direction  of  the  uniform  rotation).  In  this  case, 
by^ taking  into  account  only  the  linear  term  with  respect  to 
Wy/w^,  we  write  eq.  (la)  in  the  form 


V  +  2ct.'^ejjXv  -  -  7^  +  X  I 


- Z  Z  r 

P  , 

(2) 

- 

-  +  7 - (x^+y^) 

P  2 

(3) 

■  _  _  - 

•  • 

X  - 

(ye^-XBy)  +  2e^ 

(WyX-w^y) , 

(4) 

®x '  '  ®2  unit  vectors,  which  are  oriented  along  the 

direction  of  the  axes  x,y  and  z,  correspondingly. 

To  present  eq.  (la)  in  a  form  which  is  suitable  for  the  application 
of  the  method  of  perturbation,  we  calculate  the  curl  of  left  and  right 
sides  of  eq.  (2).  Taking  into  account  conditions  (lb)  and  (4),  we  get: 

dv 

curl(ejXv)  -  e^(V*v)  -  (e^ ,7)  v  -  -  , 

3z 


curl 

X  -  -  2oj 

» 

and 

Sv 

. 

.  ia 

w  1 

1 

■  ■'  ■  » 

—  +  - 

curl  V  -  — 

Wj  +  -  curl  V 

dz 

z  z 

<^2 

L  2 

where  a  is  the  frequency  of  oscillations  and  Wj  u  -  is 

the  variable  part  of  w. 

In  the  limiting  case  a->0,  the  right  side  of  (5)  tends  to  zero,  too, 
and  eq.  (5)  is  reduced  to  the  well  known  Proudman-Taylor  theorem,  in 
accordance  with  which  the  stationary  flows  in  rotating  fluids 
("geostrophic  flows")  satisfy  the  equation 

av<°V3z  -  0  :  (6) 

and  as  a  result,  the  components  v^“^,  v^°^  are  functions 

of  x,y  only. 

It  is  known  (Greenspan,  1969),  that  the  geostrophic  flov/s  in  the 
bounded  volume  are  described  by  the  conditions: 
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1)  the  lines  of  flow  coincide  with  the  isolines 


z  ~  Z2(x,y)  -  Zj(x,y)  -  const  ,  (7) 

where  ZjCx.y)  and  Zj(x,y)  are  consequently  the  equations  of  the  upper 
and  lower  boundary  surfaces. 

2)  the  velocities  of  geostrophic  flows  arc  described  by  the  conditi¬ 
ons: 

dz 

-  v<o)(x,y)  -  -  Hh  —  . 

9x 

3z 

v(0)  „  v<o>  (x,y)  -  4>{z)  —  , 

ay  (8) 

v<0)  _  v<°>(x,y)  -  7(x,y)  4>(z)  , 

where 


dz  dz  dz  dz 

7(x,y) - •, 

dx  dy  dy  dx 

Zi(x,y)+Z2(x,y) 

z  -  z(x,y)  - 

2 


and  ^(z)  is  an  arbitrary  function  of  z  which  is  determined  by  the  in¬ 
itial  conditions  only.  It  is  easy  to  see,  that  the  components  of  v 
described  by  (8)  satisfy  the  boundary  condition  (2) ,  the  condition  of 
incompressibility  (lb)  and  the  dynamical  equation  (6) . 

Subsequently,  we  can  use  this  solution  as  a  zero  approximation.  Ob¬ 
viously,  when  we  consider  the  case  of  forced  oscillations  instead  of 
the  case  of  stationary  flows,  then  the  function  <j)(z)  must  be  deter¬ 
mined  uniquely.  Let  us  consider  this  condition: 

To  use  the  method  of  perturbations,  we  present  the  vector  of  velocity 

V  as  a  sura  of  the  zeroth-order  terra  in  the  form  (8)  and  as  a  first- 
order  terra: 

V  »  +  v‘^5 


(9) 
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Substituting  (9)  into  (5)  and  taking  into  account  the  first-order 
terms  only,  we  get: 


3^1  ^ 

-  K(x.y)  , 


3z 

where 


ia 

K(x,y)  -  — 


w. 


1 

+  -  curl  (x,y) 


After  the  integration  of  (8)  with  respect 
Zi(x,y)  to  Z2(x,y)  we  get: 

v<^>(x,y,z)  -  Vj(x,y)  +  Kz  . 


(10) 

(11) 

to  z  in  the  limits  from 

(12) 


Let  us  consider  now  the  condition  of  incompressibility  and  the  boun¬ 
dary  conditions  for  the  vector  Substituting  (9)  into  ^Ib)  and 

(2)  and  taking  into  account,  that,  in  accordance  with  (8),  sa¬ 

tisfies  the  conditions  (lb)  and  (2)  automatically,  we  get: 


V  .  -  0  , 

(13a) 

(v<i>.N)|3  -  0  . 

(13b) 

Substituting  (12)  into  (13a)  and  taking  into  account, 
dance  with  (11), 

that,  in  accor 

V  •  K  -  0  , 


we  obtain: 

V  .  -  V  •  Vj(x,y)|^.o  +  zV  •  K  +  (K,Vz)  “  0  , 

av^‘^’(x,y)|^.g  avy<i> (x,y)|^.g 

-  +  -  +  K^(x,y)  “  0  . 

dx  dy 


Taking  into  account,  that  N  •* 


fSZj  3Zj 


on  the 

N  - 


surface  z^(x,y)  and 


3z, 


3x 


3z,, 


1 


3y 


(14) 


on  the  surface  Z2(x,y), 
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we  can  present  the  condition  (13b)  in  the  form: 

(Vi(x,y) ij.o ,  Nj)  +  Zj(K  ,Nj)  -  0, 

(Vi(x,y)|j.o»  Nj)  +  ZjCiC.Nj)  -  0  . 


(15a) 

(15b) 


To  exclude  from  the  equations  (15)  the  component  v^,  ^  ^  ^  (x,y)  ,  we 

sum  up  (15a)  and  (15b).  We  then  get: 


3z  3z  d  _ 

v^<^>(x,y)|^.o  —  +  Vy<i>(x,y)|j^,o  —  +  —  (zz) 

dx  dy  dx 

(16) 

3  __ 

+  Ky  —  (2Z)  -  K^z  -  0. 
dy 


The  conditions  (14)  and  (16)  determine  the  unknown  function  ^(z)  uni¬ 
quely.  To  prove  this,  let  us  reduce  the  system  (14),  (16)  to  a  single 
integro-differential  equation.  It  is  easy  to  see,  that,  if  eq.  (14)  is 
valid,  then  the  components  of  v  on  the  surface  z-0  can  be  presented 
in  the  form: 

5f(x,y)  X 

- /  K^(x',y)dx'  ,  (17) 

ay  0 

(x,y) 

Vy^^’(x,y)|3„o  “  -  - 

dx 

where  f  is  an  arbitrary  single-valued  twice  differentiable  function  of 
x,y.  Substitution  of  (17)  into  (16)  reduces  the  system  (14),  (16)  to  a 
single  integro-differential  equation; 


az  af  az  af 

-  +  F(x,y)  -  0  ,  (18) 

ax  ay  dy  dx 

where 


a  ^  _  a  __ 

F(x,y)  ”  —  (z,z)  +  Ky  —  (zz) 

dx  dy 


dz  X 

~  ;  K^(x',y)dx'  . 
ax  0 

(19) 
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Now  our  analysis  is  very  close  to  the  analysis  given  in  (Molodensky, 
1989)  for  the  two-dimensional  case. 

The  form  of  eq.  (18)  makes  it  possible  to  find  the  increment  of  the 
function  ?(x,y)  along  some  contours  in  terms  of  F  in  a  manner  similar 
to  Cauchy's  method  for  the  integration  of  first-order  quasi-linear 
equations  in  partial  derivatives  (Kamke,  1966).  Indeed,  relation  (18) 
may  be  regarded  as  an  orthogonality  condition  for  vectors  with  the 
Cartesian  coordinates 


'  3^ 

.  3x  3y 


and 


dz  dz 

.  -F 

3y  3x 


Since 


3?  3^ 

d^  -  —  dx  +  —  dy, 

3x  ay 

the  vector  e^  is  also  orthogonal  to  the  vector 

63  -  (dx.dy.dO 

which  is  tangent  to  the  surface  ^(x,y).  The  vector  is  thus  per¬ 

pendicular  to  the  normal  to  the  surface  ^(x,y),  hence  it  lies  in  a 
plane  that  is  tangent  to  that  surface.  Consequently,  the  curves  defi¬ 
ned  by  the  equations 


dx 

dy 

d? 

az 

’  dz 

(-F) 

.  3y  ^ 

.  3x 

(20) 


belong  to  the  surface  ^(x,y).  The  first  part  of  this  equation  is  equal 
to 


dz  dz 

- —  dx  +  —  dy  -  0  , 
dx  dy 


i.e.  the  curves  under  consideration  coincide  with  the  geostrophic  con 
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tours  2  -  const.  The  second  part  of  (20)  determines  the  increment  of 
$  along  these  contours: 

F  dx  F  dy  F  di 

delr  -  - : - : —  •  (21) 

dz/8y  dz/dx  dz/dn 

where  di  -  (dx“+dy^)'  is  the  element  of  length  of  this  contour  and 
9/3n  is  the  derivative  along  the  outer  normal  to  it. 

Equation  (21)  is  fully  equivalent  to  the  original  integro-differen- 
tial  equation  (18),  in  the  sense  that  any  integral  curve  of  (21)  be¬ 
longs  to  the  surface  ^(x,y)  defined  by  (18)  and,  conversely,  any  solu¬ 
tion  of  (18)  can  be  represented  as  a  family  of  integral  curves  of 
(21).  For  this  reason,  the  condition  of  existence  for  solutions  of  the 
partial  equation  is  equivalent  to  that  for  solutions  of  the  equation 
(21).  It  is  easy  to  see,  that  this  latter  is  reduced  to  the  single  re¬ 
quirement  that 


F  di 

/  -  f  -  -  0  .  (22) 

r  r  dz/dn 

When  (22)  does  not  hold,  the  increment  of  ^  along  a  closed  geostrophic 
contour  F  does  not  vanish,  which  is  incompatible  with  the  assumption 
of  ^  being  a  single-valued  function  of  the  coordinates. 

Let  us  show  now  that  the  condition  of  existence  for  the  first-order 
terms  in  (22)  determines  uniquely  the  function  <f>{z)  which  enters 
into  the  zero-order  equation.  To  show  this,  one  expresses  the  function 
F  which  enters  into  (22)  in  terms  of  ^  and  the  known  functions  z, 
z,  r. 

Substitution  of  (8)  into  (11)  yields 


K(x,y) 


ia 

1 

dz 

di  ' 

— 

+  — 

0'7  — 

<f>  — 

"  ®y 

2 

3y 

3y  , 

di 

+  <^  — 

+  ®z 

^'(Vz)2+^  Az) 

ax 

where 


d^(z) 

r - . 

dz 

Taking  into  account  this  expression  and  (19),  one  can  write  eq.  (22) 
in  the  form: 
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f 

r 


di  r 

- < 

dz/dn 


dz  X 

-  -  S  (r 


1 

f  az 

37  11 

+  - 

2 

L  3y 

3y  JJ 

az  aV 

a(zz) 

^*7  —  +  4>  — 
ax  ax 

.  3y 

(Vz)^  +  ^Az)  dx' 


0. 


3(zz) 

-  + 

ax 


-  (^'(VZ)2 


+  Mz)  z  “ 


(23) 


ax  0  j 

The  last  term  in  the  left  hand  side  of  (23)  can  be  transformed  in  the 
following  way:  By  taking  into  account  that  on  the  contour  T  in  accor¬ 
dance  with  (21) 


dX  az 
dz/dr,  ax 
one  can  write 


dX  az  X  _ 

-  § - X  (^'(Vz)2  +  4>hz)  dx'  -  -  JX(.^'(Vz)2  +  <i>hz)  ds  , 

r  az/an  ax  o  s 

where  ds  -  dx  dy  and  s  is  the  area  of  the  region,  which  Irys  in  the 
plane  (x,y)  and  is  bounded  by  the  contour  F.  Taking  iiito  account  now 
that 

i^'(Vz)^  +  ^Az  -  div  (^Vz)  , 

and  using  the  well  known  Gaussian  formula,  one  writes  this  term  in  the 
form: 

dz 

-  JX(^'(Vz)^  +  ^Az)  ds  -  -  X  ^(Vz,n)  dX  -  -  f  ^  —  dX  . 

s  r  r  an 

In  accordance  with  (8),  ^  is  a  function  of  the  single  argument  z, 
and  the  values  are  constants  on  the  contour  F,  where  z  - 

const.  Therefore,  the  values  ^,0'  can  be  shifted  in  front  of  the  sym¬ 
bol  of  integration,  and  eq.  (23)  can  be  presented  in  the  form  of  an 
ordinary  differential  equation  with  respect  to  the  single  unknown 
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function 


Cj(z)^'(z)  +  C2(z)^(z)  +  CgCz)  -  0 
where 


1 

:i(z)  -  -  f 


2  r  3z/3n  1. 


z  di 

-i  — 


az  3(zz) 

az  a(zz) 

az 

2" 

7 

3y  ax 

3x  ay  ^ 

—  2 

3n 

2  r  az/an 


faz 


72  + 


an 


;(Z)  -  -  f 


di 


2  r  az/an 


■[37  a(zz) 

37  a(zz) 

az' 

2' 

ay  ax 

ax  ay  . 

"•  zAz 

3n, 

df 


=3(2)  -  -  (Wi)j,  s(z)  +  f  — 


r  az/an 


a(zz) 


ax 


+  w.. 


a(zz) 

ay 


(24) 


(25) 


-  (Wz)lZ 

Taking  into  account  now  that  the  element  of  the  surface  ds  is  equal  to 


d2dz 

ds - ,  (26) 

3z/an 

we  present  the  expression  for  C2(z)  in  the  form: 


C2(z) 


1  d 


2  dz  s 


37  a(zz) 

67  a(zz) 

'd~z 

2' 

ay  ax 

ax  ay 

—  zAz  — 

ds  “ 


Id  _  Id 

-  //  div  A  ds  -  -  §  (A,n)  di  - 

2  dz  s  2  dz  r 


(27) 


where 


2  dz  r 

3z/3n 

(A, Vi) 

t 

'  3(zz) 

dz 

A 

'  3(zz) 

dz' 

~7 

dy 

—  Z 

Sx 

7 

.  dx 

—  z 

dy. 

Substituting  (28)  into  (27),  one  realizes  that 
dcj^  (z) 

c,  (5) - . 


The  expression  for  the  coefficient  C3(z)  is  performed  analogously. 
Using  (26),  we  get: 


ds(z)|  d 

C3(z)  “  -(w^)j  s(i)  +  z  -  +  —  JJ  div  B  ds 

dz  dz  s 


d  ^  ^  d  j  Ai  \dz  dz 

"  T  (zs(z))  +  --  f  — -  ~  +  —  By 

dz  dz  [  r  9z/3n  [5x  dy 


where 


B  -  zz(w^e^  +  Wyey) 


Substituting  (31)  into  (30)  and  taking  into  account,  that  z|p 
const. ,  we  get 


dD(z) 


C3(z)  - 


where 


~  ~  _  _  diz  9z  dz 

D(z) - z(wj)^s(z)  +  z  §  — -  —  +  Wy  — 

r  9z/3n  3x  dy 


The  conditions  (29),  (32)  make  it  possible  to  integrate  the  differen¬ 
tial  equation  (24)  analytically.  Indeed,  using  (29),  we  get 
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C.j(z)^>'(z)  +  C2(z)4>(7.)  -  (c^(z)^(z))'  , 
and  equation  (24)  is  reduced  to 
(Ci(£)^(i)  +  D(i))'  -  0  . 

After  the  integration  of  this  equation  with  respect  to  z  we  get: 

D(z)  const. (z) 

^(i)  - - -  +  - - - . 

Ci(z)  Cj(z) 

Using  the  expression  for  c^(z)  (25),  one  sees  that  the  coefficient 
Cj^  (z)  is  equal  to  zero  in  the  points  of  extrema  of  the  function 
z(x,y).  Taking  into  account,  that  the  velocities  ® ^  are  bounded 
in  the  vicinities  of  these  points,  we  can  counclude,  that 

const,  (z)  “  0  , 

and,  as  a  final  result. 


^(z) 


0(2) 


c^(z) 


diz 

s(z)(«^).  +  § 

r  dz/dn 

'dz  dz  ' 

—  0)^  +  ~  a>y 

[ax  ay 

dJt 

§ - 

r  dz/dn 

+ 

> 

'dz 

2' 

(34) 


Equations  (34)  and  (8)  give  the  full  solution  of  the  problem  under 
consideration. 


2.1  THE  QUALITATIVE  ANALYSIS  OF  THE  RESULTS 

It  is  interesting  to  compare  (34)  with  the  well  known  Poincare's  solu¬ 
tion  (Lamb,  1932).  It  is  known  that  the  last  one  describes  the  oscil¬ 
lations  (generally,  with  finite  amplitude  and  arbitrary  frequency)  of 
the  homogeneous,  incompressible,  inviscid  liquid,  which  is  surrounded 
by  a  non-uniformly  rotating  rigid  container  with  an  ellipsoidal  boun¬ 
dary. 

Our  solution  (34)  describes  the  more  particular  case  in  so  far  as 
we  consider  only  the  small  oscilations  for  the  limiting  case  of  the 
very  long  periods  (a/<»>-+0) .  At  the  same  time,  in  some  aspects,  it  is 
essentially  more  general  because  it  describes  the  motions  not  only  in 
the  ellipsoidal  cavity,  but  in  the  cavity  of  arbitrary  geometry. 

It  is  easy  to  show  that  this  solution  predicts  some  new  effects, 
which  are  absent  in  the  case  of  the  Earth  model  with  an  elliptical 
core-mantle  boundary  (which  is  axially  symmetrical  with  respect  to  the 
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axis  of  rotation) .  They  are  as  follows ; 

1.  It  is  known,  that  the  free  Eulerian  (Chandler)  wobble  of  the  Earth 
model  with  an  elliptical  core-mantle  boundary  excites  the  motions  in 
the  liquid  core  with  an  invariant  z -component  of  angular  momentum. 
Consequently,  the  Chandler  wobble  is  not  accompanied  by  the  l.o.d. 
(length  of  day)  variations  at  the  same  (Chandler ian)  period. 

2.  Inversely,  the  tidal  variations  of  the  l.o.d.  excite  the  currents 
inside  the  liquid  core  without  the  x-  and  y-  components  of  angular  mo¬ 
mentum.  As  a  result,  the  long  periodic  tidal  waves  don't  excite  the 
polar  motion. 

Using  our  expression  (34),  one  can  see,  that  these  both  properties 
don't  take  place  in  the  general  case  of  an  arbitrary  core-mantle  boun¬ 
dary.  Moreover,  in  the  case  of  Chandler  wobble  the  amplitude  of  x-com- 
ponent  of  the  angular  momentum  in  the  liquid  core  does  not  generally 
coincide  with  the  amplitude  of  the  y-component.  As  a  result,  the  tra¬ 
jectory  of  the  Chandler  wobble  is  not  circular,  but  elliptical. 

Taking  these  circumstances  into  account,  it  is  possible  to  formu¬ 
late  the  inverse  problem  of  estimation  of  the  possible  core-mantle 
boundary  heterogeneities  based  on  modern  astrometrical  data.  To  make 
this,  we  shall  consider  first  the  dynamics  of  the  liquid  core  for  some 
very  simple  models  of  the  core-mantle  boundary. 

Let  us  begin  the  qualitative  analysis  of  equ.  (34)  from  the  consi¬ 
deration  of  some  very  simple  cases. 

2.1.1.  If  the  container  is  symmetrical  with  respect  to  the  plane  z  - 
0,  then  Z2(x,y)  -  -Zj(x,y),  and  z  •»  7  -  0.  Substituting  these  va¬ 

lues  into  (34),  we  get: 

s(z) 

^(i)  -  -2(0)1  )^  -  •  (35) 

dz 

j  —  d£ 
r  an 

It  is  interesting  to  note,  that  the  geostrophic  flow  determined  by 
(35)  is  not  dependent  on  the  components  ,  o)^  .  Probably,  the  physical 
sense  of  this  conclusion  can  be  interpreted  as  follows:  it  is  known 
(Greenspan,  1969),  that  the  geostrophic  currents  organize  the  system 
of  Proudman- Taylor  columns,  which  are  similar  to  the  rigid  bodies  in 
several  aspects.  For  example,  these  columns  have  the  tendency  to  con¬ 
serve  their  form  and  sizes.  It  is,  indeed,  easy  to  see,  that  the  sta¬ 
tionary  geostrophic  flow  described  in  section  1  is  possible  only  in 
the  case,  where  the  sizes  of  the  columns  in  the  direction  parallel  to 
w  is  not  dependent  on  time  (in  the  opposite  case  the  stationary  flow 
along  the  geostrophic  contours  z~const.  does  not  satisfy  the  condi¬ 
tion  (6)).  If  the  boundary  surfaces  are  mobile,  with  respect  to  the 
vector  w,  then,  in  general,  the  flow  is  not  stationary  and  the  kine¬ 
tic  energy  of  the  fluid  is  not  constant. 
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The  compression  of  the  Proudman-Taylor  columns  in  the  z-direction 
is  accompanied  by  a  decreasing  z-component  of  circulation  (curl  v)^ 
and  of  the  total  knetic  energy;  in  the  case  of  stretching  the  signs 
are  opposite. 

From  the  simple  geometrical  considerations  it  is  easy  to  see,  that 
for  the  case  Z2(x,y)  -  -Zj(x,y),  the  small  tilt  of  the  vector  w  is 
not  accompanied  by  any  compression  or  stretching  of  the  Proudman-Tay- 
lor's  columns,  and  the  geostrophic  flows  are  not  excited.  This  is  why 
^(z)  is  not  dependent  on  the  components  . 

Using  the  general  relation  (34),  one  can  see  that  the  ratio  of  the 
velocities  of  geostrophic  flow  to  the  velocities  of  the  column's  com¬ 
pression  or  stretching  are  in  the  general  case  of  the  order  of  w/a.  In 
the  limiting  case  a-*0  this  ratio  tends  to  infinity.  It  means,  that 
even  very  small  long-periodic  polar  motion  (such  as  the  Chandler  wob¬ 
ble)  results  in  significant  geostrophic  motions.  In  the  case  of  Chand¬ 
ler  wobble  of  the  real  Earth  the  boundary  of  the  liquid  core  is  close 
to  the  sphere,  and  the  geostrophic  contours  are  close  to  the  circles 
with  centers  on  the  axis  of  the  Earth's  rotation.  Such  motion  has  an 
angular  momentum  mainly  in  the  direction  of  the  z  axis  and  must  result 
in  variations  of  the  length  of  day  with  Chandler  period.  We  shall  con¬ 
sider  the  niimerical  estimation  of  this  effect  in  section  2.3. 

2.1.2  For  the  most  simple  case  when  the  container  is  symmetrical  both 
with  respect  to  the  plane  z  -  0  and  to  the  axis  x  -  y  ••  0,  the  values 
dz/dn  are  constant  on  the  contour  F,  and  relation  (35)  is  reduced  to 

2s(z)(w^)^ 

^(z) - ^ 

f(z)  dz/dn 

where  £(z)  is  the  length  of  the  contour  line  z  -  const.  Taking 
into  account,  that  this  contour  coincides  with  the  circle,  we  get: 

s(z)  “  jrr^  ,  £(z)  -  2nr,  -  -v/dz/dn,  and  v^®^ 

(where  r  -  (x^+y^)'  is  the  radius  o..  circle,  and  r,  as  before,  is 
the  radius -vector) .  This  result  ha.*^  a  trivial  physical  meaning:  Ob¬ 
viously,  the  non-uniform  rotation  '..f  the  container  with  respect  to  its 
axis  of  symmetry  does  not  excite  aiv  differential  motion  in  the  li¬ 
quid,  and  the  liquid  conserves  its  uniform  rotation  around  the  z  axis 
in  space.  In  the  non-uniformly  rota’;5ng  system  of  coordinates  (x,y,z) 
this  motion  is  described  similarly  to  the  non-uniform  rotation  of  a 
rigid  body. 

Using  the  relation  (35),  one  can  see,  that  the  dynamic  coupling 
between  the  liquid  core  and  mantle  it,  letermined  not  by  the  value  of 
the  deviation  of  the  core -mantle  boundary  with  respect  to  the  axially 
sy^etric  geometry  but  only  by  the  ratios  of  the  bounded  surfaces 
s(z)  inside  the  contours  F  to  the  lengths  of  the  contours 
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i  -  §  di  . 

r 

The  dynamic  coupling  is  significant  when  the  ratios  s/i  are  small 
enough.  This  situation  takes  place,  for  example,  when  the  contours  z 
-  const,  present  the  system  of  closed  contours  with  a  relatively  small 
scale  of  lengths. 

2.1.3.  Now  we  can  consider  the  more  realistic  case  where  the  core¬ 
mantle  boundairy  is  close  enough  to  the  sphere.  If  we  propose,  in  addi¬ 
tion,  that  the  partial  derivatives  of  the  core -mantle  boundary  (with 
respect  to  x,y)  are  close  enough  to  the  same  derivatives  of  the  unper¬ 
turbed  (spherical)  boundary,  then  we  can  write 

dz 

z  5=  2bcosfl ,  —  !=  -  2  tg  S  , 

an 


and 


7^  « 


lanj 


where  6  is  the  co- latitude  and  a  is  the  mean  radius  of  the  core -mantle 
boundary. 

The  geostrophic  contours  F  are  close  to  the  circles,  d^  -  asin^  dA 
and  one  can  estimate  the  contribution  to  the  integral  in  (34)  as  fol¬ 
lows: 


di 

f - 

72  + 

'dz 

2' 

dz 

—  dje 

r  az/3n 

3n 

• 

r 

dn 

Taking  into  account  that 

ai/ax  az/ax 

-  -  cosA  ,  -  -  sinA  , 


sin^ff 

— 47ra  - 

cos  9 


dz/dn  dz/dn 

where  A  is  longitude,  equ.  (34)  is  presented  in  the  form: 
1  2x_ 

^(z)  - - ctg  $  J  z(cosA5Wjj  +  sinA5w  )  dA  . 

45r  0 


(36) 


Using  the  presentation  of  function  z(x,y)  in  the  form  of  a  Fourier 
series 


183 


<o 

z  -  S  z'  (R)  cos  n  X  +  z*  (R)  sin  n  A  , 
n-0 

[  where  R  -  .  x^+y^  ]  , 


one  realizes  that  the  integral  (36)  does  not  vanish  only  for  the  har¬ 
monics  of  degree  n  -  1.  After  integration  of  (36)  with  respect  to  A, 
we  get: 


1  _  _ 

^(z)  -  -  ctg  8  (zj  o«^  +  z®  Sw  )  , 

Ajt  (37) 

The  substitution  of  this  expression  into  (8)  yields  all  three  compo¬ 
nents  v^®^  ,  ,  v^®^  and  the  angular  momentum  of  the  liquid 

core  uniquely.  Using  the  definition  of  the  z- component  of  the  angular 
moraentijun,  we  estimate: 


M, 


c  z 

J  (xv^®^  -  yv<®^)  p  dr  -  — — 5w 
r  a 


(38) 


—  —  2 

where  is  the  moment  of  inertia  of  the  liquid  core^z^  «  (zj  + 

Zj  I**. 


a  is  the  mean  radius  of  the  liquid  core  and  6w  -  {6u>l  +  6w^)'  . 

A  y 

Using  the  numerical  value  5w-10'®  (which  corresponds  to  an  ampli¬ 
tude  of  Chandler  wobble  of  -  0,2  arc  sec),  and  Cj-0.1  c  (where  c  is 
the  moment  of  inertia  of  the  mantle)  we  find 


— - 10-^  -  , 


W- 


(39) 


where  M  -  cw^  is  the  angular  momentum  of  the  mantle  and  is 
the  amplitude  of  the  periodic  variation  of  (‘^j)n,antL«  Chandler  fre¬ 
quency  . 


To  make  this  relation  more  obvious  let  us  consider  the  case  where  Zj 
is  a  linear  function  of  R,  i.e.  Zj  -  K  R.  It  is  easy  to  see  that  the 
value  d  -  K/e  (where  e  is  the  geometric  flattening  of  the  liquid  core) 
is  equal  to  the  tilt  of  the  main  axis  of  the  liquid  core's  ellipsoid 
of  inertia  with  respect  to  the  axis  of  rotation  w.  Taking  this  rela¬ 
tion  into  account  and  introducing  the  values  5A  -  J(5Wj.  dt, 

which  is  equal  to  the  angular  displacement  of  the  mantle  in  the  direc¬ 
tion  of  longitude,  and  (5Ag)  which  is  the  amplitude  of  6A,  then  we  may 
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write  (39)  in  the  form 

5Aq  “6m  arc  sec.  •  a  ,  (40) 

If  we  assume  that  the  accuracy  of  modern  VLBI -measurements  of  periodi¬ 
cal  processes  is  of  the  order  of  0.15  rp  0.18  m  arc  sec.  (Gwinn,  and 
Shapiro,  1986),  then  the  measurements  of  6Aq  make  it  possible  to  de¬ 
termine  a  with  the  accuracy  of  the  order  of  0.025  -  0.030  rad  or  1.5  - 
2  degrees. 

We  may  thus  conclude  that  the  measurements  of  l.o.d. -variations  at 
the  Chandler  period  can  be  considered  as  a  very  sensitive  method  for 
investigating  the  core-mantle  boundary.  Some  numerical  estimations  and 
examples  are  given  in  Section  3. 

Inversely,  using  (34),  it  is  easy  to  show,  that  the  influence  of 
the  tidal  l.o.d.  variations  on  polar  motion  is  extremely  weak.  Under 
no  circumstances  do  they  exceed  a  value  of  the  order  of  10'®  m  arc  s, 
which  is  two  orders  of  magnitude  smaller  than  the  current  accuracy  in¬ 
herent  in  the  harmonic  analysis  of  VLBI  measurements. 

2.1.4.  The  influence  of  the  core -mantle  topography  on  the  Chandler 
period  and  on  the  ellipticity  of  the  Chandler  wobble  can  be  estimated 
as  follows.  Using  Poincare's  presentation  for  the  velocities  within 
the  ellipsoidal  liquid  core  in  the  form 


za 

\ - . 

«- 


za 

V  ~  —  Su 
y  X  * 

w. 


-  (x5Wy  -  y  5w^)  , 


and  comparing  these  expressions  with  our  solutions  (8)  and  (37),  we 
realize  that 


vCOVv, 


~  v'OJ/V, 


w. 


z  a 


v(0)/v 


Zj^  3Zj^/3A 
2R2  a 


In  the  case  of  the_Chandler  wobble  -  400)  the  first  ratio  is 

equal  to  unity  if  z^/z  -  1/400,  i.e.  whenever  the  deviations  of 
core-mantle  boundary  with  respect  to  the  ellipsoid  are  of  the  order  of 
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only  10  km.  Consequently,  the  topography  of  the  core -mantle  boundary 
for  the  real  Earth  model  can  exert  an  extremely  strong  influence  on 
the  distribution  of  the  currents  in  the  liquid  core.  Nevertheless,  the 
influence  of  these  currents  on  the  Chandler  period  Tch  and  on  the  el- 
lipticity  of  the  Chandler  wobble  is  comparatively  weak. 

To  show  this  it  is  enough  to  remember  that  the  hydrodynamic  motions 
under  consideration  have  mainly  z- component  of  the  angular  momentum 
and,  consequently,  they  influence  mainly  the  l.o.d.  variations. 


2.2  THE  COMPARISON  WITH  THE  MEASUREMENTS 

The  results  of  the  Maximum  Entropy  Spectrum  Analysis  of  the  modern 
V.L.B.I. -l.o.d.  data  are  presented  in  Fig.  1.  It  is  necessary  to  note, 
that  the  amplitudes  obtained  by  MESA- technique  are  well  known  to  be 
problematic  in  general.  One  can  see,  that  some  peak  with  very  small 
amplitude  in  the  vicinity  of  Chandler  frequency  probably  exist,  but 
its  ratio  to  the  level  of  noise  is  too  small  to  identify  it  with  the 
necessary  reliability. 


3.  LINEAR  AND  NONLINEAR  MODELS  OF  THE  DYNAMICAL  POLE  TIDES 


The  asjnntotic  behaviour  of  solutions  to  Laplace's  tidal  equations 
(L.t.e.)  at  low  (for  example,  Chandlerian)  frequencies  was  considered 
in  recent  years  in  may  papers  (see,  for  example,  Dickman  1985,  1986; 
O'Connor,  1986;  Carton,  Wahr,  1986;  Molodensky,  1989;  Groten,  Len- 
hardt,  Molodensky,  1990).  It  was  shown  in  the  last  two  papers,  that 
for  the  limiting  case  o/w  -*0  (where  a  is  the  tidal  frequency  and  u>  is 
the  angular  velocity  of  the  Earth's  diurnal  rotation))  these  solutions 
are  unstable  in  that  the  functions  involved  in  the  zero-order 
approximation  are  not  uniquely  determined  by  the  zero-order  equations, 
but  depend  on  first-order  terms  (terms  of  the  order  of  a/w)  as  well. 

As  a  result,  the  solutions  of  L.t.e.  significantly  depend  on  the  very 
small  terms  entering  the  L.t.e.  In  the  most  general  case  the  equations 
describing  the  pole  tides  in  the  thin  (in  comparison  with  the  Earth's 
radius  r)  layer  of  the  liquid  are  described  by  the  known  system  of  go¬ 
verning  equations  (see,  for  example,  Kagan,  Monin,  1978)  read: 


V  +  (v,V)v  +  2wcosfl  [e.v]  -  -gV(f-C)  +  F  , 


f  -  -  div2(vh)  ,  (41) 

where  v-(Vg ,  is  the  two-dimensional  vector  of  tidal  velocity,  f 
is  the  level  of  the  ocean,  r“f(S,A)  is  the  associated  equipoten- 
tial  surface,  w  is  again  the  angular  velocity  of  the  Earth's  diurnal 
rotation,  Cj.  is  the  radius -vector,  g  is  the  acceleration  due  to  gra- 
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vity  at  the  Earth's  surface,  h  -  h{tf,A)  is  the  ocean  depth^^  diVjCvh) 
is  the  divergence  of  two-dimensional  vector  vh-h* (vg ,v^ ) ,  F"(Fg , 

F^)  are  the  components  of  the  force  of  friction,  which  act  on  the  ele¬ 
ment  of  the  liquid.  In  the  most  general  case  che  vector  F  is  presen¬ 
ted  in  the  form 

F  -  -  kov  +  kj^Av, 

where  kg  is  the  coefficient  of  the  bottom  friction  and  kj,  is  the  coef¬ 
ficient  of  turbulent  horizontal  friction.  In  case  of  turbulent  motion 
the  coefficient  kg  is  proportional  to  |v|-(v^  +  v^)^  being  a 
function  of  the  depth  distribution  h(5,A);  in  case  of  laminar  motion 
kg  is  independent  of  v  and  is  a  function  of  the  distribution  h(5,A) 
only. 


3.1  LINEAR  MODEL 

The  asymtotic  behaviour  of  solutions  to  eq.  (41)  for  the  linear  appro¬ 
ximation  is  described  by  the  conditions; 

1)  the  lines  of  flow  and  isolines  f-r-C  coincide  with  the  geostro- 
phic  contours  F  as  determined  above  which,  for  the  case  of  a  thin 
layer  of  liquid,  are  described  by 

S  h(S,A) 

Q,  - - -  const. 

2«a^  cosS 


2)  the  dependence  of  5" (a)  is  determined  by  the  ordinary  differential 
equation  (Molodensky,  1989): 


(Ci(a)  r’(Q!)]’  +  03(0)5- (a)  -  b(a) 


(42) 


where  the  prime  denotes  differentiation  with  respect  to  o  and  c^ ,  Cg , 
b  are  the  known  functions  of  the  depth  distribution,  which  are  descri¬ 
bed  by  the  relations: 


(/c+iCT)3a/3n 

Cj  (a)  -  o  f  -  df 

r  COS0 


2iaw  df 

C3  (o)  - - f  - 

a2  r  3a/an 


(43) 


187 


2i(7u  fdi 

b(a)  -  - -  f -  , 

a*  r  da/dn 

where  a  is  the  mean  radius  of  the  earth,  di  is  the  element  of  length 
of  the  geostrophic  contour  F  (here  for  simplicity  we  put  kj,-0) . 

The  solutions  of  this  equation  depend  mainly  on  the  dimensionless  va 
lue 


g  h  73  ha 

Au^cos^tf  r^^  cos^tf 

Vg  is  the  horizontal  scale  of  length  of  the  closed  contours  o  -  const. 
Taking  into  consideration  the  dimensionless  value  y,  which  is  equal  to 
the  ratio  of  the  mean  values  of  f  to  the  mean  value  of  f  in  the  same 
region,  one  obtains  a  simple  estimate  of  the  relation  7(H)  for  the 
dissipationless  case  as  follows  (Molodensky,  1989): 

H  -  0,1  0,2  0,5  1,0  2,0  5,0 

7  -  0,520  0,656  0,812  0,893  0,944  0,976 

From  this  table  one  realizes  that,  when  depth  increases  (or  in,  other 
words,  equivalently:  when  the  horizontal  dimensions  of  the  closed 
geostrophic  contours  a  -  const,  decrease),  the  dynamic  tide  approaches 
the  static  one.  When  cos^S'-0.5  and  h-4  km,  H-0.1  corresponds  to 
rg-6»10^  km  and  H-5  to  tg-S^lO^  km.  One  sees  from  the  aforementioned 
table  that,  for  the  first  case,  the  deviation  of  the  dynamic  pole  tide 
from  the  statical  one  is  significant,  whereas  for  the  second  case  it 
is  very  small. 

The  isolines  a-const.,  for  the  real  ocean  model,  are  given  in  Levi- 
tus  (1982)  and  were  recalculated  by  us  on  the  ground  of  the  spherical 
harmonics  expansion  of  the  depths  distribution  for  degrees  .8<180.  The 
results  are  shown  on  Fig.  20,  20b.  These  pictures  reveal  that  in  most 
regions  of  the  real  ocean  the  characteristic  scale  of  the  length  r^  is 
in  almost  any  case  less  than  (2-3) *10®  km.  Moreover,  the  regions, 
where  isolines  a-const.  are  closed,  cover  a  comparatively  small  part 
of  the  oceanic  surface.  Using  the  simple  e''timates  based  on  the  afore¬ 
mentioned  relation  7(H),  one  sees  that,  in  linear  approximation,  ever¬ 
ywhere  in  the  ocean  we  have 

r  <  0.1  f  , 

and  the  influence  of  the  dynamic  pole  tide  on  the  Chandler  period  is 
less  than  the  errors  inherent  in  modern  measurements:  6T(,jj  <  1  day. 
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3.2  NON-LINEAR  MODELS 

As  was  mentioned  above,  the  instability  of  the  solutions  of  the  equa¬ 
tions  (41)  results  in  the  strong  dependence  of  the  solutions  on  small 
perturbing  terms.  To  estimate  the  non-linear  effects  in  the  dynamic 
theory  of  pole  tide,  it  is  necessary  to  compare  two  groups  of  small 
perturbations . 


1)  the  linear  terms  v,  (F)iaminar 

2)  the  non-linear  terms  (F)turbuient> 

To  estimate  the  non-linear  terms,  it  is  necessary  to  take  into  account 
not  only  the  tidal  currents,  but  also  the  nontidal  stationary  currents 
in  the  real  ocean,  i.e.  to  present  the  velocity  vector  v  as  a  sum: 


where  is  the  vector  of  velocity  of  the  nontidal  stationary  ocean 
currents  and  v^  is  relatively  small  vector  tidal  flow,  in  comparison 
with  Vq .  By  taking  into  account  that,  for  the  real  ocean,  Vp  is  of 
the  order  of  a  few  cm  s"^  one  realizes  that  the  non-linear  group  of 
perturbing  terms  is  greater  than,  or  of  the  same  order  as,  the  linear 
group,  and  they  must  consequently  be  included  in  our  considerations. 
The  influence  of  non-linear  terms  is  manifested  in  the  following  new 
properties  of  the  governing  equations: 

1)  The  geostrophic  contours  (lines  of  flow)  are  determined  not  only  by 
the  depth  distribution  h(5,A),  but  also  by  the  distribution  of  the 
world  ocean  currents  v^ .  Consequently,  instead  of  contours  h/cos5  - 
const. ,  it  is  necessary  to  consider  the  isolines  of  "potential  vorti- 
city" 


2w  cos9  +  (rot  Vq)^. 

P  -  -  "•  const. ; 

h 

in  this  case,  the  role  of  the  parameter  r^  plays  the  role  of  horizon¬ 
tal  scale  of  length  of  the  closed  contours  Picons t. 

2)  As  the  values  k^  are  functions  of  v|,  entering  into  (43)  the 
coefficients  c^ ,  Cj  are  functions  of  v  |  too.  This  means  that  the 
governing  equations  (42)  are  significantly  non-linear. 

The  distribution  of  the  surface  currents  Vq{B,X)  in  the  actual 
global  ocean  (Fahrbach  et  al.,  1985)  is  presented  in  Fig.  3.  Comparing 
Fig.  2  and  3,  one  realizes,  that  the  difference  between  the  isolines 
Q-const.  and  P-const.  is  significant  and  that  it  is  manifested  in  the 
bigger  scale  length  of  the  regions  bounded  by  isolines  P“Const.  in 
comparison  with  the  regions,  bounded  by  a-const.  As  a  result,  the  it. 
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fluence  of  the  dynamic  pole  tide  on  the  Chandler  period  is  essentially 
greater  for  the  non-linear  model  than  for  the  linear  one. 

From  Fig.  3  is  seen  that,  for  the  non-linear  model,  the  typical  va¬ 
lues  r^  are  of  the  order  of  (3+5) *10^  km.  Taking  into  account  the  re¬ 
lation  7(H)  given  in 'the  aforementioned  table  we  conclude,  that  for 
the  non-linear  model  without  dissipation  (i.e.  for  the  model  which  ta¬ 
kes  into  account  the  non-linear  term  (v,V  )  v  only)  the  possible  va¬ 
lues  of  7  are  of  the  order  of  0.6+0. 8.  Consequently,  the  influence  of 
the  djmamical  pole  tides  on  the  period  of  Chandler  wobble  may  be  of 
the  order  of  6+12  days. 

The  more  exact  numerical  estimation  of  the  dynamical  pole  tides  for 
the  non-linear  approximation  is  complicated  mainly  by  the  following 
circumstances : 

1.  The  absence  of  the  rigorous  mathematical  models  of  oceanic  bottom 
and  horizontal  turbulent  friction.  As  a  result,  the  models  of  the  de¬ 
pendence  of  the  coefficients  k^ ,  on  |v| ,  h  are  based  on  some  in¬ 
exact  empirical  and  semi-empirical  laws  (Schwiderski,  1980); 

2.  The  absence  of  the  detailed  models  of  the  world- ocean  currents  dis¬ 
tribution  with  the  depth. 

As  a  result,  the  exact  estimation  of  the  bottom  friction  is  impos¬ 
sible  even  in  the  case  when  the  law  of  bottom  friction  is  known. 

Nevertheless  the  sign  of  the  effects  of  the  ocean  friction  is  de¬ 
termined  uniquely.  As  a  matter  of  fact,  when  a/k  -*  0,  then  the  devia¬ 
tion  of  the  dynamic  pole  tide  from  the  statical  one  is  negative  and 
tends  to  zero  (Molodenski,  1989),  Conseqeuntly ,  the  period  of  Chandler 
wobble  is  an  increasing  function  of  the  coefficients  of  friction  kp 
and  kj, .  Moreover,  it  is  known  that,  for  turbulent  motions,  the  values 
of  these  coefficient  present  an  increasing  (usually  linear)  function 
of  the  velocities  (Kagan,  Monin,  1978).  As  a  result,  we  may  claim, 
that  the  period  of  Chandler  wobble  must  present  an  increasing  function 
of  its  amplitude,  and  the  range  of  the  variation  of  the  period  is  of 
the  order  of  6+12  days.  It  is  interesting  to  note,  chat  exactly  the 
same  conclusion  was  obtained  by  Melchior  (1957)  based  on  the  analysis 
of  empirical  data. 

It  is  interesting  to  compare  the  Melchior's  results  with  the  re¬ 
sults  of  the  latest  analysis.  The  maximum  entropy  spectral  analysis  of 
the  intervals  1900-1920;  1920-1940;  1940-1960;  1960-1978  and  1967-1984 
was  performed  by  Lenhardt,  Groten  (1985).  The  results  are  presented  on 
Fig.  4  (circles).  The  results  of  Melchior  are  presented  on  the  same 
picture  as  points.  One  can  realize,  that  there  is  a  very  high  probabi¬ 
lity,  that  hte  correlation  between  the  amplitudes  and  periods  of 
Chandler  wobble  exist  indeed. 

Thus  we  may  conclude  that  the  interrelation  between  long- tern  am¬ 
plitude  and  frequency  variations  in  polar  motion  may  be  attributed 
with  the  high  probability  to  the  influence  of  turbulent  friction  for 
the  non-equilibrium  pole  tide. 
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CONCLUSIONS 

The  efforts  discussed  in  this  paper  basically  refer  to  the  axis  of  ro¬ 
tation  and  the  associated  modulus  of  the  earth  rotation  vector  which 
might  be  expressed  in  terms  of  LOD.  Insofar  the  title  of  this  paper 
might  be  questioned  if  we  assume  that,  by  definition,  the  quantities 
considered  here  are  related  to  the  celestial  system  of  reference  in¬ 
stead  of  the  terrestrial  frame.  As  polar  motion  defines  two  of  the  Eu- 
lerian  angles  relating  celestial  to  terrestial  system  it  is  more  or 
less  a  matter  of  personal  judgment  whether  we  discuss  those  perturba¬ 
tions  with  respect  to  terrestrial  or  celestial  frames.  The  sources  of 
these  perturbations  are  so  closely  related  to  the  earth  itself  that 
our  choice  of  title  appears  appropriate  in  order  to  avoid  misunder¬ 
standing. 

Consequently,  we  did  not  refer  to  a  particular  type  of  a  CTRS 
(Boucher,  1990)  such  as  lERS-TRF  and  rather  treated  the  topic  in  gene¬ 
ral  terms. 

Two  aspects  have  to  be  stressed  :  (1)  It  still  appears  possible  to 
clear  up  existing  open  problems  related  to  the  fluid  parts  of  the 
earth- fluid  outer  core  and  ocean  -  by  precise  analysis  of  polar  motion 
and  LOD-data.  Consequently,  astrometry  has  not  yet  been  fully  ex¬ 
ploited  in  giving  information  on  geophysics  in  a  domain  of  frequencies 
where  little  alternative  information  is  available  and  (2)  by  still  im¬ 
proving  the  accuracy  in  measuring  polar  motion  and  LOD  we  may  still 
get  substantially  better  information  on  the  physics  of  the  earth 
which,  together  with  improved  atmospheric  (AAM  etc.)  data,  could  lead 
to  the  possibility  to  model  and  predict  polar  motion  and  LOD  better 
than  it  is  carried  out  now.  This  paper  fills  a  gap  in  that  respect. 
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A  LUNI-SOLAR  PRECESSION  AND  NUTATION  ANALYSIS  FROM  RADIO 
ASTROMETRIC  OBSERVATIONS 

A. H.Andrei^ 

B. Elsmore^ 

1.  CNPq  Observatorio  Nacional,  Rio  de  Janeiro,  Brasil 

2.  MuUard  Radio  Astronomy  Observatory,  Cambridge,  UK 

The  Cambridge  5-km  Radio  Interferometer  astrometric  results  from  1972  to  1987 
were  analysed,  leading  to  corrections  to  the  main  terms  of  luni-solar  precession  and 
nutation.  The  method  used  follows  Elsmore’s  1976  suggestion  (MNRAS  177,  291) 
which  takes  pairs  of  sources  nearly  12-h  apart  in  right  ascension. 

Using  sources  whose  positions  would  maximize  the  effects,  773  observations,  all  at 
5GHs,  of  21  cxtragalactic  radio  sources  were  considered.  No  selection  criterion  was 
used  other  than  that  of  a  minimum  standard  of  quality  of  the  observations.  The 
results  were  grouped  per  source,  per  season,  forming  a  total  of  110  groups. 

The  main  result  shows  the  following  corrections  to  the  1964  lAU  System.  Constant 
of  luni-solar  precession,  centennial:  Api  =  I'Ml  ±  0".15,  18.6y  term  of  nutation  in 
longitude  AiV  =  0".05  ±  0".01.  Details  are  in  preparation  for  publication  in  Monthly 
Notices  of  the  Royal  Astronomical  Society. 
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THE  CELESTIAL  SYSTEM  AND  FRAME  OF  lERS 

E.F.  Arias  (Facultad  de  Cs.  Astronomic£«  y  Geofisicas  de  La  Plata,  CONICET, 

Central  Bureau  of  lERS) 

M.  Feissei  (Observatoire  de  Paris,  Central  Bureau  of  lERS) 

ABSTRACT.  The  celestial  system  maintained  by  the  International  Earth  Rotation  Service  is 
described  in  tenns  of  physical  properties  of  die  fiducial  objects,  internal  consistency  of  the  frame, 
and  agreement  vrith  the  FK5  a^  dynamical  systems. 


1.  Introduction 

The  celestial  reference  frame  of  lERS  is  baseri  on  compact  extragalactic  objects  observed 
by  VLBI.  It  is  maintained  on  the  basis  of  several  independent  Earth  rotation  programs 
analysed  by  various  analysis  centres.  We  present  hereafter  its  latest  realization,  which  is 
a  combination  of  individual  frames  obtained  by  four  groups:  GSFC  (Ma  et  ai,  1990), 
JPL  (Steppe  et  aL,  1990),  NGS  (Carter  and  Robertson,  1990),  and  USNO  (Eubanks  et 
fl/.,  1990).  The  combination  is  based  on  a  three  rotation  angle  model  applied  to  a 
selection  of  radio  sources  common  to  the  individual  frames.  The  initial  definition  of  the 
system  and  the  maintenance  process  is  described  by  Arias  and  Feissei  (1990);  the 
connection  to  the  conventional  terrestrial  system  of  lERS  at  the  level  of  0.001"  is  studied 
by  Feissei  (1990).  In  this  paper,  we  discuss  some  aspects  of  interest  to  the  WGRS:  the 
physical  properties  of  the  objects,  the  precision  and  internal  consistency  of  the  frame,  and 
the  definition  and  maintenance  of  the  system  axes. 


2.  Physical  properties  of  the  fiducial  objects 

The  distribution  on  the  sky  of  the  latest  realization  (lERS,  1990)  of  the  lERS  celestial 
reference  system  is  shown  on  figure  1;  the  declination  interval  covered  is  from  -80°  to 
+85°;  filled  circles  represent  the  51  primary  sources. 

Figure  1.  Distribution  of  the  228  radio  sources  of  RSC(IERS)90  C  01. 
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The  physical  properties  of  the  sources  have  been  investigated  on  the  basis  of  the 
VLBI  survey  published  by  Preston  et  al.  (1985).  This  survey  covers  the  full  sky;  it 
contains  1398  objects  with  the  follomng  information:  redshift  (850),  total  flux  (740), 
spectral  index  (1200),  optical  identification  (1200),  optical  magnitude  (KKX)).  In 
action,  the  list  of  sources  has  been  compared  to  the  list  of  quasars  selected  for  the 
HffPARCOS^ST  link.  Statistics  on  the  ty^  of  objects  arc  given  in  Table  1.  The 
redshifts  span  the  interval  0. 1-2.5  quite  evenly.  The  total  flux  is  in  general  over  1 
Jansky,  while  the  survey  has  a  larger  proportion  of  weaker  sources.  The  spectral  indices 
are  between  -0.8  and  +1.4;  this  represents  a  biasing  of  the  sampling  with  respect  to  the 
complete  survey,  which  has  a  majority  of  spectral  indices  in  the  interval  -1.0  to  0.  The 
distribution  in  optical  magnitudes  is  similar  to  the  one  of  the  survey,  with  a  peak  around 
the  18th  magnitude.  A  part  of  the  QERS  sources  has  been  mapped  at  S  and  X  bands  (e.g. 
C!harlot  1990).  The  primary  sources  mapped  show  no  significant  structure  at  the  angular 
scale  of  0.001". 


Table  1.  Numbers  of  sources  according  to  their  characteristics 


Qiaracteristics 

lERS  sources 

Primary  (51)  Other  (177) 

Detected  in 
Survey  (917) 

Optical  identification 
Quasar 

40 

115 

544 

BLLacertae 

5 

15 

56 

Galaxy 

2 

8 

102 

Other/unident 

4 

39 

215 

HIPPARCOS/quasars  (95)  14 

47 

3.  Internal  consistency  of  the  frame 


It  is  well  known  that  the  use  of  the  conventional  lAU  1976  Precession  and  lAU  1980 
Theory  of  Nutation  in  the  analysis  of  VLBI  observations  would  give  rise  to  systematic 
errors  in  the  source  position,  and  to  the  misorientation  of  the  axes  of  the  frames,  both  at 
the  level  of  a  few  milliarcseconds.  Therefore  the  common  practice  in  catalogue  work  is 
to  estimate  additional  parameters  which  describe  the  motion  of  the  celestial  pole  relative  to 
its  conventional  position,  either  by  estimating  celestial  pole  offsets  for  each  session,  or 
by  estimating  a  precession  correction  and  the  amplitudes  of  some  of  the  nuttition  terms, 
as  allowed  by  the  length  and  time  density  of  the  series  of  observations  analysed.  Sovers 
(1990b)  studies  in  detail  the  effects  of  these  procedures  on  the  resulting  source  positions. 
In  the  combination  performed  by  the  Central  Bureau  of  lERS,  only  individual  frames 
obtained  by  one  of  these  procedures  arc  used.  The  slight  offsets  between  the  poles  of  the 
catalogues,  that  are  due  to  inconsistent  fixing  of  the  celestial  pole  offsets  at  some 
reference  day,  are  accounted  for  by  the  adjustment  of  rotation  angles;  they  have  no 
influence  on  the  consistency  of  the  individual  frames  witli  the  combing  one. 

The  noticeably  different  "-stworic  geometries  of  the  various  observing  programs  are 
expected  to  cause  regional  deformations  in  the  derived  celestial  frames.  From  detailed 
comparisions  of  large  JPL  and  GSFC  catalogues,  Sovers  (1990a)  concludes  that  the  only 
systematic  difference  between  the  two  catalogues  is  an  increase  of  right  ascension 
differences  for  lower  declinations,  amounting  to  about  0.002"  over  the  entire  range  of 
declinations.  This  estimation  sets  an  upper  limit  to  the  regional  errors  to  be  expected  in 
the  combined  frame. 

The  realization  of  the  celestial  reference  system  published  in  the  Annual  Report  of 
lERS  for  1989  contains  228  sources  with  different  status:  primary,  secondary  and 
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complementary.  The  51  primary  sources  were  chosen  on  the  basis  of  consistency  of 
their  estimated  coordinates  in  the  four  individual  frames,  after  removing  the  relative 
rotadons:  only  sources  which  showed  position  differences  under  0.0015"  in  all 
comparisons  two  by  two  were  retained  as  primary.  Their  position  uncertainties  in  the 
E^S  frame,  derived  from  this  consistency,  are  smaller  than  0.0007".  The  other  sources 
common  to  at  least  two  frames  but  with  larger  position  discrepancies,  are  considered 
secondary;  there  are  40  of  them  in  the  realization  described  here.  Finally,  137 
complementary  sources  in  the  OERS  frame  were  available  from  only  one  individual 
catalogue.  Altogether  1 13  sources  have  a  position  uncertainty  smaller  than  0.001",  104 
between  0.001"  and  0.003",  and  11  over  0.003". 

4.  Deflnition  and  maintenance  of  the  system 

The  ERS  celestial  reference  system  is  barycentric  through  the  appropriate  modelling  of 
observations  by  the  analysis  centres  which  contribute  individual  catalogues.  The 
condition  that  the  sources  have  no  proper  motion  is  also  applied  by  the  analysis  centres; 
however,  checks  are  regularly  performed  to  insure  the  validity  of  this  constraint  (Ma, 
1990)  to  avoid  spurious  (more  likely  than  real)  motions  of  some  sources. 

The  Ox  axis  was  implicetely  defined  in  the  initial  realization  (Arias  et  al,  1988)  by 
the  aHontion  of  the  right  ascensions  of  23  radio  sources  in  catalogues  obtained  by  the 
GSFi..,  the  JPL,  and  the  NGS.  As  these  catalogues  had  been  compiled  by  fixing  the 
right  ascension  of  3C273B  to  the  usual  conventional  FK5  value  (12h  29m  6.6997s  at 
J2000.0),  the  ERS  Ox  axis  is  in  agreement  with  the  FK5  origin  of  right  ascensions  (see 
Feissel,  1990).  In  addition,  according  to  Dickey  (1989),  it  is  in  agreement  with  the 
equinox  of  the  JPL  planet^  frame  DE200/LE200  within  0.02". 

The  Oz  axis  ^ints  in  the  direction  of  the  mean  pole  at  J2000.0  as  defined  by  the 
lAU  conventional  models  for  precession  and  nutation.  As  a  result  of  the  inaccuracy  of 
the  conventional  models  (Herring,  1990),  the  Oz  axis  of  the  ERS  celestial  system  is 
shifted  from  the  expected  position  of  the  mean  pole  at  J2000.0  by  about  0.01"  in 

longitude  ‘sin  E  and  0.001"  in  obliquity. 

The  new  astrometric  techniques  and  the  availability  of  large  computers  used  to 
analyze  data  raise  the  question  of  how  one  should  understand  the  conventional  character 
of  the  celestial  frame.  In  practice,  it  can  be  understood  in  two  ways: 

'the  source  coordinates  themselves  are  considered  conventional,  i.e.,  their 
numerical  values  are  fixed  for  some  time  (years);  this  is  the  FKn  philosophy, 

-the  axes  of  the  system  are  considered  conventionally  as  fixed  to  their  initial 
directions,  but  improved  or  additional  source  coordinates  available  at  the  time  of 
analysis  are  provided  to  the  users;  this  is  required  for  space  navigation.  Earth 
orientation  programs,  geodetic  applications,  linkage  of  celestial  frames,  etc. 

The  system  maintenance  method  applied  by  the  Central  Bureau  of  ERS  is  dong 
these  lines.  It  should  be  mentionn^  that  such  a  procedure  is  made  possible  by 
the  high  model  standardization  in  the  operation  of  ERS,  and  by  the  f^act  that  the 
implementation  of  an  extragalactic  celestial  frame  implies  much  less  geophysical 
and  astronomical  modelling  than  does  the  FK  series  of  catalogues. 

New  realizations  of  the  ERS  celestial  reference  system  are  produced  whenever  justified 
by  the  progress  in  the  observations  or  in  the  modelling.  The  successive  realizations 
product  up  to  now  have  maintained  the  initial  definition  of  the  axes  within  0.(XX)1";  the 
coordinates  of  the  51  primary  sources  have  changed  by  less  than  0.(XX)7"  (rms). 
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5.  Conclusion:  contribution  of  lERS  to  astronomy 

The  celestial  system  of  lERS  was  defined  and  is  maintained  for  the  study  of  the  Earth's 
orientation  at  a  level  better  than  0.001".  It  contains  presently  over  100  objects  with 
position  uncertaindes  at  this  same  level. 

The  contribution  of  Earth  rotation  observations  to  the  extragalactic  celestial  frame 
includes  the  monitoring  of  the  sources.  In  the  near  future,  as  a  consequence  of  the 
extension  of  the  networli  in  the  southern  hemisphere  for  a  better  coverage  of  the  planet, 
the  sky  coverage  in  the  southern  hemisphere  will  be  improved,  and  the  systematic  errors 
due  to  uneven  latitude  distribution  of  stations  will  be  diminished.  The  networks  are 
oi^rated  in  parallel  by  groups  which  tend  to  extend  their  lists  of  observed  objects  both 
with  common  and  non  common  sources,  in  order  to  perpetuate  their  celestial  references 
on  a  sound  basis;  this  results  in  a  progressive  improvement  in  precision  and  distribution 
of  the  lERS  celestial  frame. 

The  physical  properties  of  the  fiducial  objects  will  be  further  investigated  in  view  of 
the  merging  into  a  celestial  frame  with  a  larger  scope.  In  its  present  state,  the  lERS 
celestial  reference  frame  has  a  majority  of  quasars  in  the  primary  sources,  an  even 
sampling  of  redshifts,  more  than  half  of  the  sources  having  optical  counterparts  up  to  the 
18th  magnitude,  and  two-thirds  of  the  HIPPARCOS/HST  qua.sars  belonging  to  it.  It  can 
be  considered  as  a  valuable  contributor  to  general  astronomical  references. 
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LINK  BETWEEN  HIPPARCOS  AND  VLBI 
CELESTIAL  REFERENCE  FRAMES 

E.F.Arias.  (Facultad  de  Cs.  Astronomicas  y  Geofisicas  de  La  Plata,  CONICET, 

Central  Bureau  of  BERS) 

J.-F.  Lestrade  (Observatoire  de  Paris,  Central  Bureau  of  lERS) 

ABSTRACT.  The  celestial  frame  of  HIPPARCOS  astrometric  satellite  will  be  materialized  by  the 
positions  and  proper  motions  of  about  120000  stars  relative  to  arbitrary  origins.  As  the 
HIPPARCOS  reference  frame  is  not  naturally  related  to  fixed  directions  in  space,  it  has  to  be 
linked  to  an  inertial  frame  of  similar  quality.  The  technique  of  VLBI  determines  the  coordinates 
of  extragalactic  radio  sources  precise  at  the  milliarcsecond  level  in  an  equatorial  frame.  The 
precision  expected  for  HIPPARCOS  normal  mission  is  0.002"  for  the  positions,  yearly  proper 
motions  and  parallaxes. 

1.  Introduction 

The  link  between  the  VLBI  and  HIPPARCOS  reference  frames  will  a)  "stop"  the  rotation 
of  reference  frame  produced  by  the  satellite,  b)  densify  the  extragalactic  reference  frame 
in  optical  frequencies,  c)  unify  the  radio  and  optical  coordinate  systems  and  allow  direct 
comparison  of  the  images  of  celestial  objects  obtained  with  radio  and  optical  techniques 
with  the  same  angular  resolution. 

Radio  stars  provide  a  direct  link  since  they  can  be  observed  with  both  techniques 
without  intermediate  objects.  To  assure  good  observational  conditions  by  the  satellite, 
they  must  be  brighter  than  m  =  1 1.  Their  flux  densities  must  be  at  least  of  some  mJy  to 
be  adapted  to  the  VLBI  sensitivity.  Besides  that,  their  optical  and  radio  images  must  be 
coincident  at  0.002".  Following  these  criteria  Lestrade  et  aL  (1982)  have  established  a 
list  of  22  radio  stars  candidate  to  the  link.  Most  of  the  objects  in  this  list  are  close 
binaries  RSCVn  with  angular  separations  <  0.004"  and  flux  densities  <  50  mJy. 


2.  The  method 

We  have  studied  the  link  between  HIPPARCOS  and  VLBI  frames  on  the  basis  of 
observations  of  radio  stars. 

In  absence  of  regional  deformations,  the  link  between  two  frames  with  the  same 
origin  can  be  mathematically  expressed  by  a  simple  rotation.  If  the  relative  orientation  of 
the  frames  evolves  linearly  with  time,  the  link  is  given  by  a  global  rotation  at  an  arbitary 

epoch,  represented  by  a  matrix  [R]  and  by  a  matrix  [R]  which  represents  the  angular 
velocity  of  rotation  of  one  frame  relative  to  die  other. 

For  each  radio  star  i,  the  technique  of  VLBI  provides  a  vector  ^vi  epoch  tvi 

of  observation  of  the  star,  and  an  associated  proper  motion  S’yj .  On  the  other  hand,  the 

observation  of  the  satellite  will  provide  vector  at  an  epoch  t^j  of  observation  and  an 

associated  proper  motion  ^Hi- 
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At  an  arbitrary  instant  t,  the  link  equations  between  both  frames  given  by  one 
conmonly  observed  radio  star  are: 

<^v.(t)  =  [R(t)].^i(t)  (1) 


=  [R  (t)].  W)  (2) 

The  relative  orientation  between  the  two  frames  at  an  initial  epoch  to  is  represented 
by  three  rotations  Aj,  A2,  and  A3  around  the  axes  of  one  frame,  and  the  angular  velocity 

of  rotadon  is  represented  by  the  time  -  derivatives  Aj ,  A2  and  A3 .  Expressions  (1)  and 
(2)  provide  four  independent  equations  in  the  coordinates.  Two  radio  stars  are  enough  to 
evaluate  the  unknowns;  however  we  will  consider  a  greater  number  of  objects  to  perform 
a  least  squares  adjustment. 

We  have  adopted  in  this  analysis  the  equatorial  coordinate  system  because  it  is  the 
natural  system  of  the  extragalactic  VLBI  frame.  The  FAST  consortium  has  adopted  the 
ecliptic  coordinate  system  to  reduce  HIPPARCX)S  data.  Equations  (1)  and  (2)  represent 
the  lir^  between  the  ecliptic  coordinate  system  of  HIPPARCOS  and  the  VLBI  equatorial 
coordinate  system.  It  will  be  more  expeditive  to  transform  the  ecliptic  coordinates  of 
HIPPARCOS  observation  into  equatorid  coordinates  system  before  realising  the  link.  In 
these  conditions,  the  angles  Aj,  A2,  and  A3  will  be  small  quantities  at  the  level  of  10"^ 
rad  and  the  matrices,  to  the  first  order  in  the  angles  and  in  the  velocity  components,  can 
be  written: 


[R(to»]= 

t  4 

1  A3  -A2 
-A3  1  Al 

[r]  - 

0  A3  -A2 
-A3  0  Al 

A2-A1  1 

1  * 

A2-A1  0 

•  « 

3.  The  radio  stars  selected  for  the  link 


14  radio  stars  with  mv  <  1 1  have  been  used  for  the  link.  Their  distribution  in  the  sky  is 
shown  in  figure  1.  Their  VLBI  coordinates  at  J2000.0,  their  proper  motions  and  the 
corresponding  epochs  of  observation  are  in  Table  1.  Data  of  the  eight  stars  indicated 
with  (1)  had  been  obtained  with  the  Marklll  data  acquisition  system  and  analysed  in  the 
MASTERFIT  by  Lestrade  et  al.  (1988).  The  four  objects  at  negative  declinations 
indicated  with  (2)  have  been  observed  by  White  et  al.  (1990).  The  positions  of  the  two 
stars  indicated  with  (3)  in  Table  1  were  also  provided  by  Lestrade  and  have  been 
determined  with  the  VLA.  All  the  positions  are  in  J2000.0  by  means  of  the  standard 
precession-nutation  models  lAU  1976/1980. 


Figure  1. 

Radio  stars  considered. 
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Table  1:  VLSI  positions  and  proper  motions  of  the  radio  stars 


Star 

Right  Asc. 

J  2000.0 
h  m  s 

Declination 

J  2000.0 

0  •  n 

<^a 

lO^s 

<^5 

10-3" 

Proper  Motion 
Ma  P5 

(Vy)  (7y) 

ICH 

s/y 

10-3 

7y 

Ep. 

-1900 

(1) 

LSI61®303 

02  40  31.686 

61  13  45.56 

0.3 

0.5 

0.0000 

0.000 

0.2 

0.3 

90.5 

(1) 

ALGOL 

03  08  10.1308 

40  57  20.359 

0.7 

1.0 

+0.0003 

+0.002 

0.5 

0.7 

88.5 

(1) 

UXARI 

03  26  35.3375 

28  42  56.026 

0.3 

0.5 

+0.0016 

-0.106 

0.2 

0.3 

88.5 

(1) 

HR  1099 

03  36  47.3251 

00  35  18.60 

0.3 

5.0 

0.2 

0.3 

90.5 

(2) 

HD  26337 

04  09  40.864 

-07  53  35.64 

3.3 

5.0 

+0.130 

2.7 

4.0 

92.5 

(2) 

HD  32918 

04  55  11.044 

-74  56  16.02 

3.3 

5.0 

; 

2.7 

4.0 

92.5 

(2) 

ABDor 

05  28  44.53515 

-65  27  02.1914 

3.3 

5.0 

2.7 

4.0 

92.5 

(2) 

HD  77137 

08  59  42.765 

-2748  58.11 

3.3 

5.0 

2.7 

4.0 

92.5 

(1) 

HR  5110 

13  34  47.6893 

37  10  56.859 

0.3 

0.5 

0.2 

0.3 

89.5 

(1) 

SIGCrB 

16  14  41.2011 

33  51  32.47 

0.3 

0.5 

t 

0.2 

0.3 

87.5 

(1) 

CygX-1 

19  58  21.6804 

35  12  05.887 

0.3 

0.5 

! 

0.2 

0.3 

91.5 

(3) 

ARLac 

22  08  40.871 

45  44  31.51 

0.3 

0.5 

0.2 

0.3 

89.5 

(1) 

SZ  Psc 

23  13  23.7645 

0240  31.31 

0.3 

5.0 

IfSiSi ' 

0.2 

0.3 

92.5 

(3) 

II  Peg 

23  52  29.0891 

28  21  17.74 

0.3 

0.5 

imi 

+0.038 

0.2 

0.3 

92.5 

4.  The  simulation  of  HIPPARCOS  observations 

We  have  simulated  the  positions  and  proper  motions  am  (tni)  ,  am  for  each  radio 

star  "observed"  with  HIPPARCXDS  from  the  known  VLBI  vectors  ayj  (tyj)  >  ay;  given  by 
Lestrade  et  al.  (1988).  The  relative  orientation  between  the  two  frames  at  the  arbitrary 
epoch  to  =  1991.0  has  been  fixed  by  adopting  the  values 

Al  =  +0.030",  Aj  =  +0.025",  A3  =  -0.045". 

The  time  evolution  of  the  frames  from  the  epoch  Iq  is  given  by 

Al  =  +0.002"/year,  A2  =  -0.003'7year,  A3  =  +0.00r7year. 

The  equations  (1)  and  (2)  for  t  =  tni  have  been  used  to  simulate  HIPPARCOS 
observations. 

To  make  the  simulation  realistic,  we  have  added  gaussian  noise  to  the  VLBI  and 
HIPPARCOS  positions  and  proper  motions.  The  uncertainties  are  also  realistic;  for 
HIPPARCOS  data  they  are  those  expected  for  the  mission,  and  for  the  VLBI 
observations,  they  have  been  assigned  according  to  the  caracteristics  of  the  netv/orks. 
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5.  Results 

We  have  analysed  the  quality  of  the  link  in  two  cases,  considering  either  all  the  stars  or 
only  objects  Ln  the  Northern  hemisphere. 

First,  we  have  simulated  HIPPARCOS  as  described  in  the  previous  section.  Then, 
we  have  reevaluated  Ak  (k  =  1,  3)  from  the  vectors  and  the  simulated 

^Hi  •  Th®  results  of  the  two  cases  of  link  analysed  are  shown  in  Table  2. 

The  relative  orientation  at  the  initial  epoch  (Ai^)  is  determined  with  a  precision  at  the 

level  of  0,001".  The  precision  of  the  components  Ak  of  the  angular  velocity  is  in  the 
range  0.0007"  -  0.0009". 

Concerning  the  distribution  of  objects,  the  inclusion  of  radio  stars  at  negative 
declinations,  with  uncertainties  several  times  greater  than  those  in  the  North,  does  not 
improve  the  link  and  introduces  a  bias  in  A^,  A2  and  A3. 

Table  2;  Results  of  the  link  between  HIPPARCOS  and  VLBI  reference 
frames  via  radio  stars.  Units  of  A^  =  0.001",  units  of  Ak  : 

O.OOl'Vyear.  a  are  the  post-fit  residuals,  in  units  of  0.001",  R 
is  the  goodness-of-fit  parameter. 


N 

14  i 

All  stars 

10 

Northern  Stars 

A1 

+31.09  ±  0.91 

+31.45  ±  0.87 

A2 

+23.23  ±0.86 

+23.27  ±  0.79 

A3 

-44.93  ±  0.73 

-44.65  ±  0.71 

Al 

+1.49  ±0.82 

+  1.44  ±  0.79 

A2 

-2.78  ±0.77 

-2.98  ±  0.72 

A3 

+1.08  ±0.67 

+1.55  ±  0.66 

a 

1.92 

1.55 

R 

1.55 

1.25 
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OBSERVATIONS  OF  THE  PLANETARY  SATELLITES  EUROPA  AND  TITAN  BY 
HIPPARCOS 
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ABSTRACT.  Observations  of  the  satellites  Europa  and  Titan  will  be  obtained  from  the 
European  Astrometric  Satellite  HIPPARCOS.  These  observations  will  be  used  to  obtain 
"observed"  positions  of  the  planets  Jupiter  and  Saturn;  these  positions  have  the 
advantages,  first  to  be  given  in  the  reference  frame  defined  by  the  Hipparcos  system,  and 
second,  the  accuracy  on  these  positions  is  better  than  the  accuracy  of  the  ground-based 
observations  of  these  planets.  To  obtain  the  ^sitions  of  the  planets  from  those  of  their 
satellites,  we  have  to  take  the  calculated  positions  of  these  satellites  by  means  of  their 
ephemerides.  The  accuracy  of  the  computed  positions  of  Europa  and  Titan  relatively  to 
their  primary  is  of  the  order  of  0".l,  better  than  the  one  of  the  direct  observation  of  Jupiter 
and  Saturn.  An  efficient  comparison  of  the  different  ephemerides  of  these  planets  will  be 
possible  that  way. 


1.  INTRODUCTION 

The  European  Astrometric  Satellite  HIPPARCOS  has  observed  the  satellites  Europa  (of 
Jupiter)  and  Titan  (of  Saturn).  In  spite  of  the  motion  of  these  objects,  the  observation  has 
been  made  as  for  the  stars,  using  the  ephemerides  of  these  two  satellites  relatively  to  their 
primary,  the  used  ephemerides  of  which  being  BDL82.  The  sky  is  scanned  by  rotating  the 
telescope  slowly  around  an  axis  which  is  nominally  perpendicular  to  the  two  directions  of 
observation  (the  acute  angle  between  these  directions  being  the  basic  angle).  At  the  same 
time,  this  axis  of  rotation  rotates  at  a  constant  angle  close  to  43®  around  the  direction  of  the 
Sun  (fig.  1).  The  transformation  of  the  data  obtained  by  Hipparcos  on  the  modulating  grid 
(fig.  2)  are  transformed  by  the  two  "consortia  of  data  reduction".  The  final  data  will  be 
obtained  only  after  the  end  of  the  mission  and  only  provisional  results  will  be  available 
during  the  next  months. 


2.  COMPARISON  WITH  EPHEMERIDES 

The  Hipparcos  data  are  referred  to  reference  great  circles  (RGC)  which  define  intermediate 
reference  frames  (fig.3).  One  RGC  is  identifi^  by  its  pole  and  a  corresponding  epoch;  it  is 
used  for  objects  near  this  reference  great  circle  (a  few  degrees).  The  duration  of  validity  of 
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Figure  1. 

such  a  circle  is  about  tc  'i  hours.  Grid  coordinates  give  informations  mainly  on  the  spherical 
coordinate  along  the  reference  great  circle,  named  the  abscissa. 

Therefore,  the  spherical  coordinates  of  the  planet^  satellites,  Europa  or  Titan  on  a 
reference  great  circle  have  to  be  calculated.  This  is  carried  out  as  for  minor  planets  (Bec- 
Borsenberger,  1990).  For  an  observation  of  a  planetary  satellite  by  Hipparcos,  the 
reference  great  circle  number  and  the  "observed"  abscissa  arc  given.  From  this  RGC 
number,  the  Julian  date  (tl)  and  the  modified  Julian  date  (t2)  of  the  epoch  of  the 
observation  may  be  obtained  as  well  as  the  pole  coordinates  of  this  RGC.  Then  from  tl, 
the  ecliptic  astrometric  position  of  the  planetary  satellite  is  computed,  and  from  t2,  the 
position  and  the  velocity  of  the  Hipparcos  satellite  may  be  obtained.  Next,  the  parallax, 
light  deflection,  relativistic  observation  corrections  are  to  be  applied  to  obtain  precise 
apparent  ecliptic  position.  Finally,  by  rotating  the  ecliptic  frame  to  the  reference  great  circle 
fraias,  the  calculated  abscissa  on  the  reference  great  circle  is  obtained. 


3.  OBSERVED  POSITION  OF  THE  PLANET  JUPITER 

The  first  observations  for  Europa,  have  been  made  on  March  13, 1990.  Absolute  positions 
of  Europa  have  been  obtained  in  the  reference  frame  defined  by  the  Hipparcos  system. 
These  positions  need  theoretival  positions  of  the  planet  Jupiter  in  order  to  obtain  (0-C),  but 
using  theoretical  positions  of  Europa  relative  to  its  primary,  one  will  obtain  an  observed 
position  of  Jupiter  itself.  Since  the  ephemerides  of  Europa  relative  to  Jupiter  have  a  better 
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Figure  2.  Illustration  of  the.  focal  plane  of  Hipparcos.  M  is  a  point  of  the  image  of  a 
planetary  satellite;  Oy  is  the  direction  of  the  Sun. 

accuracy  (near  0".l)  than  the  ephemcridcs  of  Jupiter  (near  0".4)  in  the  J2000  reference 
frame,  the  observed  position  of  Jupiter  that  we  will  obtain  is  valuable  for  further 
development.  The  ephemerides  used  arc  built  using  the  following  theoretical  works:  for 
Europa,  theory  of  Sampson-Lieske  (Lieske,  1977),  adjusted  with  photographic 
observations  (Arlot,  1982);  for  Titan,  theoretical  works  recently  adjusted  with 
observations  (Doumeau,  1987, 1990). 


Figure  3.  Reference  frames  for  Hipparcos  objects. 
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4.  CONCLUSION 

The  observation  of  Europa  and  Titan  by  the  astrometric  satellite  Hipparcos  will  induce 
observational  data  leading  to  the  position  of  the  planets  Jupiter  and  Saturn  because  of  the 
accuracy  of  the  theoretical  positions  of  Europa  and  Titan  (0".l)  relatively  to  their  primary. 
These  positions  of  Jupiter  and  Saturn  will  be  of  great  interest  in  order  to  make  a 
comparison  between  the  different  ephemerides  of  these  planets  and  to  appreciate  their 
precision. 
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COMPARISON  BITWBBN  ASTRONOMICAL  AND 
GEODETIC  COORDINATES 

A.  Banni  (OBS-CA),  A.  Poma  (OBS-CA), 

E.  Provcrbio  (OBS-CA),  E.  Falchi  (UNl-CA), 

F.  Retta  (UNl-OA),  G.  Sanna  (UNI-CA) 

A  r^uirement  for  solTuig  Elarth  rotation  problems  it  the  def¬ 
inition  of  a  terrestrial  reference  system  (or  systems)  and  the 
determination  of  a  terrestrial  coordinate  frame  (or  frames). 
In  this  context  it  is  important  to  determine  the  positions  of 
the  observing  sites  and  their  temporal  variations  and  estab¬ 
lish  the  dependence  of  the  observations  on  local  conditions 
and  observing  methods. 

In  situ  concurrent  observations  are  therefore  important.  In 
this  paper  we  report  the  results  of  a  comparison  between 
2istronomical  and  geodetic  coordinates  derived  from  different 
observations  at  the  Cagliari  Observatory  and  the  Carloforte 
latitude  station. 
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A  TERRESTRIAL  REFERENCE  SYSTEM  CONSISTENT  WITH  WGRS 


C. BOUCHER,  Z.ALTAMIMI 
Institut  Gdographique  National 
2,  Avenue  Pasteur 
94160  Saint  Mand6 
France 


ABSTRACT.  The  lAU  and  lUGG  has  jointly  established  in  1988  an 
International  Earth  Rotation  Service  (lERS)  which  is  in  charge  of  the 
real i2at ion  of  conventional  celestial  and  terrestrial  reference  systems, 
together  with  the  determination  of  earth  orientation  parameters  which 
connect  them. 

The  theoretical  definition  of  the  terrestrial  reference  system  which  is 
realized  by  lERS  through  a  conventional  terrestrial  reference  frame 
formed  by  SLR,  LLR,  VLBI  and  GPS  stations  is  presented.  In  particular 
its  origin,  scale,  orientation  and  evolution  with  time  are  reviewed, 
taking  into  account  relativistic  and  deformation  effects. 


1.  lERS  Requirements  for  a  Conventional  Terrestrial  Reference  System 
(CTRS) 

a)  to  permit  realizations  at  millimeter  level  at  the  Earth’s  surface  or 

10-^°, 

b)  consistent  with  lAU  WGRS, 

c)  to  take  into  account  geodynamical  effects  at  mm  level, 

d)  to  take  into  account  relativistic  effects  at  mm  level. 


2.  Coordinate  Systems 

Four  types  of  Coordinate  Systems  may  be  defined  : 
-  Barvcentric  celestial  CS  (b)  : 

X“  X”  =  cT 


-  Quasi  inertial  geocentric  CS  (e)  : 


cC 


where 


t 


=  TCG  ,  Geocentric  Coordinate  Time 
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-  Terrestrial  geocentric  CS  (t)  : 


a  0  . 

X  X  =  ct 

where  t  =  TT  =  TAI  +  32. 184s 


-  Terrestrial  CS  (T) 

X  =  X  +  T  (t) 
c 

=(!-£)  R(t)  X  +  T^(t) 

where  R  is  a  rigid  spatial  rotation,  T  a  translation  and  t  a  scale 

c 

factor. 

The  transformation  between  these  Coordinate  Systems  can  be  done  eis 
follows  : 

-  from  (e)  to  (t)  : 

x‘  =  (1  -  £)Rj(t)x^ 

t  =  (1  -  £)(t  -  t  )  +  t 

T  T 

6.97  X  10“^°  ~  ~ 

2 
C 

1977  January  1 


with 


t  = 


-  from  (t)  to  (T) 

X  =  x  +  T  (t) 

G 

Applying  Tisserand  condition  on  the  Earth’s  crust,  the  CTRS  should  have 

-  no  global  translation  with  regards  to  the  Crust  : 


T  (1988.0)  =  0 

G 


p  X'‘  d^X  =  0 
'’Crust 


-  no  global  rotation  with  regards  to  the  Crust  : 


R( 1988.0)  =  R 

0 


IJk 


p  X^  X*'  d^X  =  0 


Crust 
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where  R  is  a  conventional  orientation  emd  p  is  the  density  of  the 
0 

Crust. 


3.  Realizations  of  CTRS 

3.1.  PURPOSE 

Within  lERS,  analysis  centers  and  the  Terrestrial  Reference  Frame 
Section  produce  realizations  of  the  CTRS  or  close  systems,  by  set  of 
station  coordinates,  or  Terrestrial  Reference  Frames: 

-  the  TRF  Section  combines  data  to  obtain  a  realization  of  the 
CTRS,  named  lERS  Terrestrial  Reference  Frame  (ITRF),  see  (Boucher, 
Altamimi,  1989,  1990a  and  1990b) 

-  individual  analysis  centers 

.  either  compute  directly  a  realization  of  the  CTRS, 

.  or  compute  a  specific  frame,  which  is  compared  to  ITRF  and 
then  converted  as  a  realization  of  the  CTRS. 


3.2.  SPECIFICATIONS  FOR  THE  REALIZATIONS  OF  THE  CTRS 

+  List  of  coordinates  of  points  at  epochs  in  TT,  with  velocity,  or 
time  series  of  coordinates  : 


X(t)  ,  V(t)  t  in  TT 


or 


X(t  ) 

k 


t  ,t  ...  t  in  TT 

12  k 


+  Corrected  from  periodic  tidal  deformation  : 


X(t),  ^  .  =  X(t)  +  AX,^  ,  ,,  (t) 

Instantaneous  tld,per  1  oU  1  c 


or  in  time  average 


<  X(t)  >  =  <  X(t)  > 

Inst  time  time 


+  Tisserand  condition  on  residual  velocities  /  CCVF  (see  below  ) 
+  orientation  from  BIH/IERS 


3.3.  CONVENTIONAL  CRUSTAL  VLEOCITY  FIELD  MODEL  (CCVF) 

Tisserand  condition  (given  in  §  2)  should  be  applied  to  a  CCVF  ensuring 
no  net  rotation/translation  of  the  CTRS  with  regards  to  the  Crust.  CCVF 
will  be  established  from  plate  (NUVEL  1  ?)  and  vertical  (post  glacial 

rebound  ?)  motion  models.  This  leads  to  a  velocity  field  V(P^,t),  for  a 

network  of  stations  P^^  (k  =  i,r.)  and  epoch  t. 
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3.4.  USE  FOR  A  DISCRETE  NETWORK 

In  order  to  tie  reference  frames,  one  has  to  : 

-  define  a  residual  velocity  : 

V  =  X,(t)  -  7(P^,t) 

k 

-  apply  a  discrete  Tisserand  condition  co  the  residual  velocities  : 

'  E  \  =  0 

k 

y  X  A  V  =0 

it  “ 

V. 

Note  ;  For  the  ITRF89  results  presented  in  this  poster  during  the 

colloquium,  see  the  lERS  Technical  Note  n*  6  (Boucher,  Altamimi,  1990b). 
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QUASAR  LINK  CONDITIONS  FOR  HIPPARCOS^ 


P.  Brosche,  C.  Ducourant,  R.  Galas,  M.  Qeffert,  A.  Karafistan 
Sternwarte  der  Universitat  Bonn 
Auf  detn  Hugel  71,  D-5300  Bonn,  FRG 


ABSTRACT.  Fictitious  proper  motioms  of  quasars  and  of  their  surrounding 
stars  have  been  determined  based  on  plates  with  an  epoch  difference  of 
up  to  90  years.  From  the  fact  that  the  true  proper  motions  of  the  quasar 
are  vanishingly  small,  we  obtain  conditions  for  the  extragalactic 
calibration  of  the  preliminary  Hipparcos  system.  We  present  results  for 
the  fields  of  3C  273,  OQ  208,  3C  371  and  3C  390.3.  With  the  data  it  is 
possible  to  achieve  the  link  with  random  errors  smaller  than  0'‘15  per 
century. 


1 


Accepted  for  publication  in  Astron.Astrophys. ,  1990. 
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moTOQumc  cmLocoz  of  200000  scsmons  si/us  -  fqgaz-s 


IN.F.HySTROVt.  D.D.POLOJFKTSEV,  H.I.POTTER,  I.I.YAGUDIN 

^  aLtujtx)  Obaervatory 

Lmingrad,  Falhcw 

USSR,  1%140 

R.F.ZAILS.  J.A.ZELAYA 

Obsenxitorio  Aatrononico  Racional 

Tarija,  Bolivia 

ABSTRACT.  The  catalogue  of  about  2000CX)  stars  In  the  zone  from  equator 
to  southern  pole  was  coopHod  fron  photographic  obserratlons  carried  out 
during  1962  -  1909  years  In  USSR  and  Bollrla  by  Pulkoro  astrogruph  (D=23 
am,  F=230  sm.  working  Held  *  z  The  plates  were  measured  by  Zeiss 
Aacoreoord  measuring  mashlnes  in  Pulkovo,  Tarija,  and  others 
observatories.  The  process  of  measurement  and  compilation  of  catalogue 
wezre  carried  out  in  Pulkovo  by  BS-1033  computer.  The  observations  were 
made  with  a  four-fold  overlap  of  the  sky.  Reference  catalogue  is  3R8 
catalogue  (PKS  system).  The  differencial  refraction,  differencial 
aberration  and  objective  distortion  were  tedcen  Into  account.  The  mean 
accuracy  of  catalogue  PCCAT-S  positions  is  ±0.123'. 

1.  UfTRODUCTIOK. 

The  project  of  the  reference  photographic  catalogue  of  the  southern  sky 
was  proposed  by  D.Polojentsev  and  H. Potter  In  1977  [1).  Its  aim  was  to 
extend  the  fundamental  system  for  8-1 1  magnitude  stars  as  tmlf ormly  as 
possible  over  the  sky.  The  planned  density  of  the  catalogue  was  10  stars 
per  1  square  degree. 

Up  to  now  the  accurate  stars  position  determination  is  completed;  its 
brief  description  is  given  below.  The  proper  motion  determination  will 
be  continued  in  the  near  future.  The  POCAT-S  catalogue  is  now  being  vased 
by  astronomers;  its  preliminary  version  is  the  main  part  of  PPM-S 
compiled  catalogue  which  was  created  in  Heidelberg  [2]. 

2.  THE  SOURCE  STARS  LIST. 

The  POCAT-S^source  list  is  to  contain  about  210000  stars  in  declination 
zone  from  o”  to  -90°  according  to  the  planned  density  of  10  stars  per  1 
square  degree.  SAO  catalogue  was  used  as  the  basis  for  the  source  list. 
It  numbers  about  130000  stars.  The  rest  00000  stars  were  taken  from 
Bonner  Durchmustermg  (+2°,  -18°  declination  zone)  and  Cape 
Durchnusterung  (-18  ,  -90°  declination  zone). 

SAO  catalogue  stars  were  included  into  source  list  as  a  whole. 
Durohausterung  stars  were  ohoosen  under  the  following  conditions; 

-  magnitudes  range  is  8°  -  13®; 
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-  the  stars  nunsber  in  eTexr  x  1*^  area  is  no  less  then  10; 

—  the  nelflivourlns  stars  distance  is  no  less  then  3  arsnlnutes. 

The  total  nuaber  of  FOCil-S  source  list  is  21il75  stars.  Cietr  axignitude 
and  speotnsD  distributions  are  shown  in  Table  1 . 


T«d>le  t.  Source  list  stars  distribution 


spectr 

num.of  stars 

mag 

num.of  stars 

B 

19572 

<7 

4646 

A 

18307 

7-  8  . 

12274 

P 

29183 

8-  9 

52347 

G 

32646 

9-10 

120477 

K 

20589 

10-11 

12547 

3.  OBSERTATIQNS. 

Observations  were  started  in  liarth.  1962  at  Pulkovo  Ordubad  station  (X  = 
<{)  =  +39^06' 20',  H  =  2000  u)  by  Pulkovo  astrograph  (D  =  23  am, 
f  =  230  sn.  working  field  1°  x  4°).  The  obse^atlons  in  Ordubad  were 
carried  out  in  declination  zone  from  0*^  to  -30  and  lasted  tlll^AugU3|, 
1962.  i%en  astrograph  was  transported  to  Tarlja,  Bolivia  (X  =  4  1B°?2  , 

=  -2l”35'0e',  H  =  2100  m3.  The  observations  there  began  In  April,  1963 
and  continued  till  the  mid  of  1969. 

The  observations  were  made  with  a  four-fold  overlap  for  obtaining  the 
star  image  in  different  parts  of  plate.  The  nelt^oxurlng  plates 
intersection  is  2^:  that  is  a  half  of  the  working  field  of  astrograph. 
Such  technique  permits  to  reduce  systematic  errors  due  to  obieotlve 
field  such  as  coma,  astigmatlzm,  etc. 

All  obseznratlons  were  carried  out  near  meridian  on  photographic  plates 
ZU-1  and  ZU-21 .  The  exposure-tijaes  are  12  min  and  4  min  accordingly.  The 
total  number  of  POCAT-S  progranin  plates  is  6440. 

4.  MEASURaiENTS  AND  FRELHHNART  PROCBSS. 

Plates  were  measured  by  Asoorecord  measuring  mashines.  The  measurement 
procedure  was  divided  into  two  steps.  Approximate  coordinates  of  two 
brlid^t  stars  on  plate  edges  were  measured  during  the  first  step.  Then 
these  data  were  used  for  the  determination  of  the  plate  orientation  in 
Asoorecord  and  for  calculation  of  measurement  ephemerldes  of  FOCAT-S 
stars.  Using  these  ephemerldes  the  search  of  POCAT-S  stars  and  their 
measurements  was  made  during  the  second  step.  SRS  reference  stars  were 
measured  twice;  before  and  after  POCAT-S  stars  for  stability  control  of 
plate  position  in  Asoorecord. 

Data  base  on  magnetic  disks  was  obtained  during  preliminary 
measurement,  with  possible  Instrumental  and  personal  errors  being 
controlled.  The  plates  wlch  failed  to  meet  any  oontrole  condition  were 
re-observed. 

5.  REDUCTION  OP  OBSERVATIONS. 

The  measured  stars  coordinates  were  corrected  by  differential  refraction 
and  differential  aberration.  Then  equatorial  coordinates  of  stars  were 
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dstemlned  bjr  the  8  constant  method,  which  connects  the  measured  (Z,  T] 
with  Ideal  (x* •  7* )  coordinates  b7  the  following  expression 

x'  =  a^X  +  b^Y  +  +  ex’Y 

7*  =  Bgl  +  bgY  +  Cg  +  d7*X  +  67*Y  ^ 

Unknown  parameters  (a^,  b^ ,  c^.  ^2'  °2'  determined  b7 

least  square  method  as  applied  to  the  joint  solution  of  equations  (1 ) 
for  reference  stars.  The  rough  data  were  not  taken  Into  account. 

The  subsequent  anal7sls  of  residual  rectors  of  reference  stars  In 
different  parts  of  plates  for  all  plates  showed  us  that  equation  ( 1  ] 
wasn't  satlsfactor7  for  the  whole  working  field  of  the  plate  (Figure  1). 
There  are  the  STstematlcal  errors  in  the  form  of  the  posltlre  distortion 
In  residuals  which  can  be  up  to  0.1”  at  the  edges  of  plates  and  can  be 
aproxlmated  b7  .. 

V  =  -0.051”  +  12.75”  » 


where  r  Is  the  distance  of  the  star  from  the  plate  centre.  The  abore 
errors  were  excluded  from  all  the  measured  coordinates  as  well. 


Rljd^t  part  of  Figure  1  (rms  of  residuals)  shows  us  the  good  quallt7  of 
the  Bstrograph  objective  rando<nl7.  We  can  see  that  the  random  error  of 
the  comer  points  of  the  plates  are  no  more  than  twice  as  large  as  the 
ones  In  the  centre.  At  the  same  time  for  the  greater  part  of  plate  the 
measureoant  error  Is  practlcall7  the  same. 

Rms  of  tnit  weight  In  the  plate  as  obtained  b7  least  square  method 
charactirizos  the  quallt7  of  our  data  In  a  different  way.  Thus  the 
analysis  of  the  distribution  of  these  errors  for  different  plates  shows 
that  the  measurement  accuracy  doesn't  depend  on  the  observational  season 
and  temperature,  it  is  the  same  for  different  observers  and  measuring 
mashlne  operators  and  at  the  same  time  it  differs  for  different 
declination  zones.  The  latter  evidently  mfleots  the  properties  of  the 
refemce  catalogue.  The  mean  rms  of  unit  weight  for  all  POCAT-S 
catalogue  is  10.27'. 
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6.  mil.  PROCEDURE. 

The  coordinates  of  eTerr  star  were  detemined  lndepentl7  4  tline  due  to 
foTxr-fold  orerlap  during  observations.  Final  catalogue  positions  of 
stars  were  obtained  as  aean-wei^ted  of  all  determinations  b7  the 
expression 

i  =  I 

irtiore  X  -  a  star  position  (right  ascenclon  or  declination), 

X^,  ?£-  a  star  coordinate  on  2-th  plate  and  Its  weight. 

The  mean  epoch  and  star  position  rms  were  cooputed  hy  the  same  formula. 
The  weight  of  every  separate  solution  was  conputed  as  the  function  of 
two  parameters:  zms  of  vinlt  weight  on  2-th  plate  and  the  star 

distance  from  the  plate  centre  In  mlllljaetres 

P£=(0.27'  /  X  (1-(r£/1B2)^). 

The  first  oultlplier  characterizes  the  plate  property  in  general.  The 
second  one  Is  connected  with  the  star  disposition  on  the  plate  and  was 
obtained  eiq>lrlcally  using  Figure  1  data. 

The  two-steps  procedure  was  used  for  sorting  out  rough  determinations. 
Firstly,  the  Dlcson  method  for  small  samples  was  applied.  Rough  data 
were  tested  by  3(7  criterion,  and  external  evaluation  being  taken  as  0 
(mean  for  all  declination  zone).  In  case  both  criteria  give  the  saote 
result,  data  were  omitted.  About  1%  data  obtained  were  discarded  from 
the  catadogue. 

7.  CATALOGUE  INVESTIGATION. 

The  study  of  the  magnitude  equation  and  color  equation  provided  by 
reference  stars  shows  that  the  mentioned  dependences  are  practically 
absent  within  the  magnitudes  and  spectral  classes  of  SRS  catalogue. 

External  anallsys,  that  Is  the  conqjarison  of  P(X3AT-S  with  Carlsberg 
meridian  catalogue  CMC  [3]  by  U.Bastlan  and  S.Roeser  (Figure  Z)  confirms 
this  result  and  at  the  same  time  shows  that  there  are  the  possibility  of 
the  magnitude  equation  In  declination  for  the  most  faint  stars. 

Figure  2  shows  the  declination  dependent  and  rl^t  ascention  dependent 
differences  (FQKAT-S  -  CMC)  too. 

Mean  rms  of  star  position  Is  ±0.123*  lor  the  whole  FOCAT-S  catalogue. 
Figures  3,4  show  Its  dependence  on  the  declination  and  Its  value 
distribution. 
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DEHCffiNCIES  IN  THE  MODEL  FOR  THE  CELESTIAL  MOTION  OF  THE  CEP  AS  DERIVED 
FROM  A  GODDARD/VLBI  SERIES  OF  POLE  OFFSETS  FROM  1979  TO  1989 
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Observatoire  de  Paris  -  URA 1125/CNRS 
61,  Avenue  de  rObservatoire 
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ABSTRACT.  A  VLBI  series  of  celestial  pole  offsets  (designated  as  ERP(GSFC)90  R  01  in  the 
EERS  series  of  Earth  Rotation  Parameters)  spanning  10  years  has  been  used  for  deriving  the 
corrections  to  the  lAU  constant  of  precession  and  to  the  main  terms  of  the  1980  lAU  series 
of  nutation  using  the  same  method  as  Herring  (1988)  for  constraining  the  corrections  to  the 
9.3yr  nutation  and  to  the  I8.6yr  nutation  in  longitude.  The  estimated  corrections  have  been 
found  to  be  -  0.279"/c  ±  0.02  "/c  (formal  error)  for  the  lAU  constant  of  precession  and 
+3.l3±0.l5mas  for  the  18.6  yr  nutation  coefficient  in  obliquity.  A  circular  term  with  a  radius 
of  the  order  of  0.25mas  at  a  period  of  430  days  has  moreover  been  revealed  in  the.residuals 
as  obtained  after  applying  the  estimated  corrections  to  the  series.  If  such  a  circular  term  in 
the  celestial  motion  of  the  pole  is  due  to  the  free  core  nutation,  its  estimated  period  would 
correspond  to  a  core  flattening  of  2.687x10*3,  which  is  in  good  agreement  with  the  one  of 
2.674x10*3  corresponding  to  the  estimated  amplitude  of  the  retrograde  annual  nutation. 


1.  INTRODUCTION 

The  celestial  pole  offsets  as  derived,  with  a  milliarsecond  accuracy,  from  VLBI 
observations  of  radio-sources,  include  the  deficiencies  in  the  conventional  models  for 
precession  and  nutation  at  the  date  of  the  observations  and  are  therefore  well  adapted  to  the 
estimation  of  the  corrections  to  the  lAU  model  for  precession  and  nutation. 

A  VLBI  series  of  celestial  pole  offsets  (designated  as  ERP(GSFC)90  R  01  in  the  EERS 
series  of  Earth  Rotation  Parameters)  from  1979.6  to  1990.0  has  been  analysed  in  this 
purpose.  As  this  series  spans  only  over  10  years,  large  correlations  appear  between  the 
9.3yr  and  18.6yr  terms  as  well  as  between  the  precession  in  longitude  and  the  18.6  yr 
nutation  in  longitude.  Calculated  corrections  have  therefore  been  applied  both  to  the  9.3  yr 
nutation  coefficients  and  to  the  coefficient  in  longitude  of  the  18.6  yr  nutation,  using  the 
same  method  as  Herring  (1988),  before  estimating  the  corrections  to  the  other  terms. 

This  short  paper  summarizes  the  results  obtained  in  such  a  study,  which  will  be 
presented  in  further  details  in  a  more  complete  paper  (Capitaine  and  Caze  1990). 

2.  ESTIMATED  CORRECTION  TO  THE  lAU  PRECESSION  AND  NUTATION  MODEL 

Using  the  theoretical  corrections  for  the  nutations  of  a  rigid  Earth  as  given  by  Kinoshita 
and  Souchay  (1989),  as  well  as  the  correction  to  the  amplitude  of  the  main  nutations 
corresponding  to  a  first  estimated  value  of  -0.87  mas/yr  for  the  secular  correction  in 
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longitudexsineo,  allows  us  to  compute  the  total  theoretical  correction  to  be  applied,  due  to 
the  rigid  Earth  model :  +  0.194  mas  sinO  +  0.462  mas  sin  2Sl  to  dy  sinEo  , 

and:  -0.550  mas  cosQ- 0.224  mas  cos  2Q  to  d£, 
and  then  to  compute,  from  the  estimated  correction  to  the  principal  term  in  obliquity  ("in- 
phase"  and  "out  of  phase"  components),  the  "geophysical"  part  of  the  correction  in  dc  from 
which  the  "geophysical"  part  of  the  correction  in  dy  sine©  can  be  derived  (Herring  1988); 
tliis  allows  to  constraint  the  total  correction  to  the  principal  term  in  longitudexsineo  to: 

-2.276  mas  for  the  "in-phase"  component,  and  +1.602  mas  for  the  "out  of  phase"  component. 

Using  such  corrections  to  the  coefficients  in  longitude  of  the  18.6  yr  nutation,  as  well 
as  the  corrections,  as  previoulsy  computed,  to  the  9.3  yr  nutation,  allowed  us  to  estimate 
the  corrections  to  the  precession  and  nutation  model.  The  final  correction  to  the  constant  of 
precession  has  been  found  to  be:  5f = -  0.2797c  ±  0.02'7c  and  the  final  estimated  corrections 
to  the  1980  lAU  nutation  series  are  given,  with  their  formal  errors,  in  Table  1. 


Argument 

H 

in-phase 
out  of  phase 

Period 

13.66  d 

S  V  sin  to 

-0.40  ±0.02 
-  0.03  ±  0.03 

Se 

0.34  ±  0.02 
-  0.14  ±  0.02 

d-p 
in-phase 
out  of  phase 

27.55  d 

-0.10  ±0.02 
-  0.03  ±  0.02 

-0.06  ±0.02 
-  0.01  ±  0.02 

20 

in-phase 
out  of  phase 

182.63  d 

0.66  ±0.02 
-0.46  ±0.03 

-  0.49  ±  0.02 

-  0.45  ±  0.02 

0-p 

in-ph^ 

outofph^e 

365.25  d 

1.99  ±0.03 

0.49  ±  0.02 

1.86  ±  0.02 
-  0.27  ±  0.02 

n 

in-phase 
out  of  phase 

18.61  yr 

constrainted 

correction 

3.13  ±0.15 
1.21  ±  0.17 

Table  1:  Estimated  corrections  to  the  main  lAU  1980  nutation  coefficients  from  the 
ERP(GSFC)90  R  01/VLBl  scries  of  celestial  pole  offsets  from  1979.6  to  1990.0 

The  residuals  as  obtained  after  applying  the  previous  estimated  corrections  to  the  series 
have  been  analysed  for  by  a  least  squares  adjustment  of  periodic  terms  which  has  clearly 
revealed  a  circular  term,  with  a  radius  of  the  order  of  0.25  mas  at  a  period  of  430  days.  If 
such  a  circular  term  in  the  celestial  motion  of  the  pole  is  due  to  the  free  core  nutation,  its 
estimated  period  would  correspond  to  a  core  flattening  of  2.687xl0’3,  which  is  in  good 
agreement  with  the  one  of  2.674x10*3,  which  can  be  derived  from  the  amplitude  of  the 
retrograde  annual  nutation  (-32.98  mas)  as  estimated  from  the  present  analysis. 
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THE  USE  OF  THE  NONROTATING  ORIGIN  IN  THE  COMPUTATION  OF  APPARENT  PLACES  OF 
STARS  FOR  ESTIMATING  EARTH  ROTATION  PAP.AMETERS 


N.  CAPITAINE  and  F.  CHOLLET 
Observatoire  de  Paris  -  URA  il25/CNRS 
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75014 -Paris 
FRANCE 


ABSTRACT.  A  new  procedure  has  been  devised  for  computing  apparent  places  of  stars  in 
the  intermediate  frame  (Capitaine  1990)  linked  to  the  nonrotating  origin  (Guinot  1979)  for 
estimating  the  Earth  rotation  parameters  (ERP)  from  astrometric  observations.  The  latitude 
and  time  parameters  as  deriv^  by  this  procedure  have  been  compared  to  the  parameters  as 
derived  from  the  classical  procedure  used  for  the  reduction  of  Paris  astrolabe  observations 
(Chollet  1984).  The  consistency  between  the  two  procedures  has  been  found  to  be  of  the 
order  of  a  few  lO"*",  which  is  under  the  order  of  precision  of  the  computations  in  the 
classical  procedure.  TTtc  new  procedure,  which  is  mote  directly  related  to  the  Earth  rotation, 
is  proposed  to  be  used  for  the  derivation  of  the  ERP  in  the  Hipparcos  frame  from  existing 
astrometric  observations,  which  is  planned  for  the  near  future  (lAU  WG  on  "Earth  Rotation 
in  the  Hipparcos  Reference  Frame"). 


1.  INTRODUCTION 

The  latitude  and  time  parameters  are  clasically  derived  from  astrolabe  observations  of  one 
group  of  stars  by  comparing  the  computed  apparent  places  of  the  stars  in  an  intermediate 
frame  linked  to  the  Celestial  Ephemeris  Pole  (CEP)  and  true  equinox  with  their 
corresponding  observed  places. 

The  use  of  the  nonrotating  origin  (NRO)  as  proposed  by  Guinot  (1979)  instead  of  the 
equinox,  for  reckoning  the  Earth's  angle  of  rotation,  associated  with  the  use  of  the  celestial 
coordinates  of  the  Celestial  Ephemeris  Pole  to  account  for  the  effects  of  precession  and 
nutation,  instead  of  the  classical  precession  and  nutation  parameters,  provides  an 
intermediate  frame  which  is  more  directly  related  to  the  observation  of  Earth  rotation. 

A  new  procedure  has  thus  been  devised  for  computing  the  instantaneous  latitude  and 
time  parameters  from  Paris  astrolabe  observations  referred  to  such  an  intermediate  frame. 
This  procedure  is  based  on  the  matrix  transformation  of  vector  components  (denoted  by  [  ]) 
between  the  geocentric  celestial  and  terrestrial  reference  systems  (denoted  by  CRS  and 
TRS,  respectively)  which  can  be  written  (Capitaine  1990)  as: 

[TRS1=  W(t).R(O.NP(t)[CRSl,  (1) 

W(t)  being  for  the  terrestrial  displacement  of  the  CEP  (i.e.  "polar  motion"),  R(t)  for  the 
celestial  Earth's  angle  of  rotation  (i.e.  "stellar  angle")  and  NP(t)  for  the  celestial 
displacement  of  the  CEP  (i.e.  precession/nutation)  from  the  epoch  to  to  the  date  t. 
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2.  PROCEDURE  FOR  COMPUTING  APPARENT  POSITIONS  OF  STARS  REFERRED  TO  THE  NRO 

The  new  procedure,  compiled  from  the  classical  procedure  for  computing  apparent 
positions  of  stars  for  astrolabe  reductions  (Chollet  1984),  uses  the  following  steps: 

-  expression,  in  rectangular  coordinates,  of  the  unit  vector  determined  by  the  standard  mean 
place  of  the  star  in  the  FK5  (epoch  J2()00.0), 

-  coirection  for  proper  motion  and  normalization  of  the  resulting  vector, 

-  rotation  (cq)  of  the  vector  from  the  mean  equator  of  epoch  to  the  ecliptic  of  epoch, 

•  correction  for  annual  parallax  and  abenration  using  the  position  and  velocity  of  the  Earth, 
with  respect  to  the  solar  system  barycenter,  referred  to  the  ecliptic  and  mean  equinox  of 
J2(XX).0  and  normalization  of  the  resulting  vector, 

-  rotation  (-eo)  of  the  vector  from  the  ecliptic  of  epoch  to  the  mean  equator  of  epoch, 

-  rotation  of  the  vector  from  the  mean  equatorial  frame  of  epoch  to  the  celestial  intermediate 

frame  of  date,  t,  linked  to  the  CEP  and  the  NRO,  using  the  matrix  transfomiation  (Capitaine 
1990)  («;ec  Figure  1):  NP(t)  =R3  (s)JR3(-E).  R^Cd).  RjCE).  (2) 


Figure  1:  The  angular  parameters  for  the  transformation  in  the  new  procedure 


3.  PROCEDURE  FOR  DERIVING  LATITUDE  AND  TIME  PARAMETERS  REFERRED  TO  THE  NRO 
The  new  procedure  uses  the  following  steps: 

-  rotation  of  the  vector  from  the  intermediate  celestial  frame  of  date  to  the  local  terrestrial 
frame  linked  to  the  CEP  and  to  the  local  meridian,  using  the  rotation  matrix  RsCB+x),  where 
0  =  00  +  k  (UTl  -  UTIq)  is  the  stellar  a.iglc  (Guinot  1979,  Capitaine  et  al.  1986)  and  X.  is  the 
longitude  of  the  station, 

-  computation  of  the  spherical  coordinates  of  the  resulting  apparent  direction  to  be  compared 
with  the  observed  spherical  coordinates  of  the  star, 

-  least  squares  adjustment  of  latitude  and  time  parameters:  «p  and  UTl  -UTC  for  each  group  of 
stars. 


4.  NUMERICAI.  CHECKS 

Numerical  checks  of  this  procedure  were  performed  for  the  derivation  of  the  latitude  and 
time  parameters  from  Paris  asuolabe  observations  spanning  several  months  (see  example). 
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Table  1:  Example  of  the  estimated  parameters  <p  and  UTO-UTC  using  the  two  procedures 
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These  checks  show  our  procedure  referred  to  the  NRO  to  give  results  consistent  to  a  few 
10'^  arcseconds  with  the  estimations  of  the  same  parameters  from  the  classical  procedure 
referred  to  the  true  equinox  and  using  the  Sidereal  Time  computed  with  the  complete 
equation  of  the  equinoxes  (Aoki  and  Kinoshita  1983).  Such  a  consistency  is  under  the 
o^er  of  precision  of  the  computatioits  in  the  classical  procedure. 

llie  practical  advantages  of  this  new  procedure  for  deriving  variations  of  latitude  and 
titr.e  iiom  astrometric  data  are  that  the  calculations  are  simpler  and  that  the  derived  quantities 
are  more  directly  linked  to  the  kinematic  parameters  representing  Earth  Rotation. 


5.  CONCLUSION 

The  present  study  shows  that  the  computation  of  the  apparent  places  of  stars  referred  to  the 
nonrotating  origin  provides  latitude  and  time  parameters  which  are  consistent  with  those 
derived  from  the  classical  method  with  an  accuracy  of  a  few  lO"^  arcseconds.  Such  a 
procedure,  which  is  more  directly  related  to  the  Earth  rotation,  can  be  used  with  advantage 
for  the  estimation  of  the  Earth  Rotation  Parameters  (ERP)  from  astrometric  observations.  It 
is  proposed  to  be  used  for  the  computation  of  the  ERP  in  the  Hipparcos  frame  from  existing 
astrometric  observations,  which  is  planned  for  the  near  future  (lAU  WG  on  Earth  Rotation 
in  the  Hipparcos  Reference  Frame). 
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ABSTRACT.  Two  decades  of  LLR  data  and  one  decade  of  VLBI  data  are  combined  in 
a  global  analysis  to  yield  improved  estimates  of  the  Earth’s  precession  and  nutation.  In 
this  analysis,  LLR  provides  a  strong  determination  of  precession,  while  VLBI  is  stronger 
in  fixing  nutation  terms  with  short  periods.  In  all,  24  nutation  amplitudes  are  estimated. 
The  largest  correlation  coefficient,  between  precession  and  18.6  yr  out-of-phase  nutation  in 
longitude,  is  0.88.  With  the  exception  of  some  9  yr  and  18.6  yr  terms,  formal  uncertainties 
are  0.1  to  0.2  milliarcseconds. 


1.  Introduction 

In  the  past  five  years,  it  has  become  obvious  that  the  current  precession  and  nutation 
theory  recommended  by  the  lAU  is  not  adequate  for  reduction  of  modern  astrometric 
observations,  such  as  those  acquired  by  the  VLBI  and  LLR  techniques.  Discrepancies  at 
the  level  of  a  few  milliarcseconds,  especially  for  the  precession  constant  and  18.6  yr,  1  yr, 
0.5  yr  and  14  day  nutation  terms,  have  been  revealed  by  VLBI  and  LLR  observations  (e.g. 
Herring  et  aL,  1986;  Williams  et  ai,  1990).  It  is  of  great  importance  to  establish  more 
accurate  precession  and  nutation  constants  in  order  to  improve  VLBI  and  LLR  analyses  for 
cistrometry  and  geodesy.  However,  based  on  theoretical  considerations,  any  improvement 
of  the  quality  of  these  constants  is  presently  difficult  because  geophysical  properties  of  the 
Earth’s  interior  {e.g.  core  flattening,  mantle  inelasticity)  are  not  known  well  enough.  The 
only  way  to  obtain  more  accurate  precession  and  nutation  constants  is  to  estimate  them 
from  the  VLBI  and/or  LLR  observations  themselves.  Comparing  precession  and  nutation 
constants  estimated  from  LLR  and  Deep  Space  Network  VLBI  data  (see  Section  4)  shows 
that  estimates  of  the  short-period  nutation  terms  (1  yr,  0.5  yr,  14  day)  are  more  accurate 
when  derived  from  VLBI  data,  while  estimates  of  the  precession  constant  and  the  long- 
period  nutation  terms  (18.6  yr,  9  yr)  in  longitude  are  more  accurate  when  derived  from 
LLR  data.  Therefore,  combining  VLBI  and  LLR  data  is  the  be.''t  way  to  improve  the 
estimation  of  precession  and  nutation  constants  with  the  present  data,  because  it  takes 
advantage  of  the  unique  and  complementary  strengths  of  the  two  techniques. 

For  the  purpose  of  estimating  precession  and  nutation  constants,  we  have  developed  a 
global  analysis  of  VLBI  and  LLR  observations.  This  global  analysis  (described  in  Sec¬ 
tion  2)  is  performed  by  combining  the  VLBI  and  LLR  information  matrices  derived  from 
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the  data  equations  with  the  VLB!  and  LLR  software  of  the  Jet  Propulsion  Laboratory 
(JPL).  We  emphasize  that,  in  this  analysis,  the  full  VLBI  and  LLR  information  matrices 
are  retained  to  produce  combined  VIiBI/LLR  estimates  of  the  precession  constant  and  24 
nutation  amplitudes.  Section  3  describes  the  data  sets  and  modeling  used  in  our  analysis, 
while  Section  4  presents  and  discusses  our  results,  including  a  comparison  between  the 
VLBI,  LLR,  and  VLBI/LLR  estimates  and  correlation  coefficients. 


2.  The  Algorithm  Used  to  Combine  VLBI  and  LLR  Data 

In  the  past  decade,  VLBI  software  (MODEST)  (Sovers  and  Fanselow,  1987)  and  LLR 
software  (LPRED)  has  been  developed  at  JPL.  Both  of  these  programs  use  the  Square 
Root  Information  Filter  (SRIF)  algorithm,  based  on  repeated  Householder  transforma¬ 
tions,  to  triangularize  the  data  equation  matrix.  This  algorithm  is  extensively  described 
in  Bierinan  (1977).  One  advantage  of  the  SRIF  algorithm  is  that  it  allows  one  to  add  new 
data  equations  to  a  previously  analyzed  set  of  data  equations  and  produce  “updated” 
parameter  estimates  without  reanalyzing  all  the  data.  In  practice,  this  saves  much  com¬ 
puter  time  when  large  amounts  of  data  are  to  be  processed  and  updated.  In  our  analysis, 
this  capability  has  been  used  to  combine  observations  of  different  types  (VLBI  and  LLR). 

The  main  steps  of  our  joint  VLBI/LLR  analysis  are  shown  in  Figure  1.  First,  theoretical 
values  of  LLR  ranges  and  VLBI  delays  and  delay  rates  are  calculated  and  differenced  with 
observations  to  produce  0-C’s.  This  step  is  performed  separately  for  VLBI  and  LLR 
measurements  by  using  MODEST  and  LPRED.  Then,  the  SRIF  algorithm  is  applied  to 
LLR  0-C’s  and  the  R-matrix  is  retained  before  the  calculation  of  the  LLR  parameter 
estimates.  This  matrix  is  an  upper  triangular  matrix  obtained  by  applying  Householder 
transformations  to  the  data  equations  (see  Bierman,  1977).  It  is  further  used  as  an  o  priori 
information  matrix  in  a  way  that  mimics  a  VLBI  R-matrix,  when  the  SRIF  algorithm  is 
applied  to  VLBI  0-C’s.  This  latter  step  requires  identification  of  parameters  common  to 
VLBI  and  LLR  and  matching  their  names  and  units  in  order  to  produce  consistent  joint 
VLBI/LLR  parameter  estimates.  It  is  to  be  noted  that  for  our  analysis,  only  precession 
and  nutation  constants  have  been  considered  as  common  VLBI/LLR  parameters. 


Figure  1:  Main  steps  of  the  joint  VLBI/LLR  analysis. 
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3.  Observations  and  Modeling 

Our  VLBI  data  set  consists  of  68  dual-frequency  (2.3  and  8.4  GHz)  VLBI  observing 
sessions  carried  out  by  the  Deep  Space  Network  (DSN)  on  two  intercontinental  baselines 
(Goldstone-Madrid  and  Goldstone-Tidbinbilla)  between  October  1978  and  October  1989. 
It  is  basically  the  same  data  set  described  by  Sovers  (1990),  and  includes  8578  dual¬ 
frequency  Mark  II  delay  and  delay  rate  pairs  and  423  Mark  III  pairs.  The  LLR  data 
(described  in  more  details  by  Williams  et  ai,  1990)  consist  of  6233  ranges  (distance 
measurements)  from  telescopes  on  the  Earth  to  reflectors  on  the  Moon  acquired  between 
August  1969  and  December  1989.  VLBI  and  LLR  modeling  was  performed  in  Solar 
System  Barycentric  coordinates  in  terms  of  the  mean  equator  and  equinox  of  J2000.0, 
and  largely  adhered  to  the  lERS  standards  (1989)  for  astronomical  constants.  The  LLR 
analysis  is  based  on  the  DE303/LE303  planetary  and  lunar  ephemeris.  Earth  orientation 
parameters  were  adopted  from  a  combination-of-techniques  series  obtained  by  Kalman 
Altering  (Gross  1990,  private  communication).  More  information  about  VLBI  and  LLR 
modeling  is  found  in  Sovers  (1990)  and  Williams  et  al.  (1990),  respectively. 

In  our  analysis,  the  precession  constant  and  both  the  in-phase  and  out-of-phase  nutation 
terms  of  periods  18.8  yr,  9  yr,  1  yr,  0.5  yr,  14  days,  and  433.2  days  (retrograde  free  core 
nutation  with  reference  epoch  .12000)  have  been  estimated.  We  emphasize  that  this  is  the 
first  unconstrained  analysis  with  the  precession  constant  and  the  18.6  yr  and  9  yr  nutation 
terms  estimated  together  in  the  same  fit.  Such  unconstrained  analysis  is  possible  because 
of  the  time  span  of  our  data,  especially  the  LLR  data  which  cover  20  years. 


4.  Results 

Table  1  shows  our  combined  VLBI/LLR  estimates  of  25  prece.ssion  and  nutation  constants 
together  with  the  individual  VLBI  and  LLR  estimates  of  these  constants.  The  values 
indicated  in  this  table  are  the  corrections  to  the  lAU  nutation  coefficients;  all  errors 
quoted  in  this  paper  are  formal  l<r  uncertainties.  Units  are  milliarcseconds  (mas)  for 
nutation,  and  mas/yr  for  precession.  The  nutation  terms  are  labeled  with  subscripts 
corresponding  to  term  numbers  in  the  1980  lAU  series,  while  the  superscripts  indicate 
the  pheise  (sine  or  cosine). 

Comparing  the  formal  uncertainties  of  the  individual  VLBI  and  LLR  estimates  shows 
that  LLR  data  provide  more  accurate  estimates  of  the  precession  constant  and  the  18.6  yr 
and  9  yr  nutation  terms  in  longitude,  while  VLBI  data  provide  more  accurate  estimates 
of  the  other  nutation  terms,  especially  the  short-period  nutation  terms  (1  yr,  0.5  yr,  14- 
day).  Notably,  the  formal  uncertainty  of  the  precession  constant  is  .smaller  by  an  order 
of  magnitude  when  derived  from  LLR  data  (0.17  mas/yr)  than  when  derived  from  VLBI 
data  (1.87  mas/yr).  Estimates  of  the  precession  constant  and  the  18.6  yr  and  9  yr  nuta¬ 
tion  terms  in  longitude  based  on  VLBI  data  have  large  uncertainties  caused  by  extremely 
high  correlation  coefficients  between  these  parameters  as  shown  in  Table  2.  In  this  table, 
only  correlations  exceeding  0.5  are  printed;  within  each  triplet,  the  order  (top  to  bottom) 
is  LLR,  VLBI,  and  VLBI/LLR.  For  example,  the  correlation  coefficient  between  the  pre¬ 
cession  constant  and  the  18.6  yr  out-of-phase  nutation  in  longitude  (At&J)  is  0.997  in  the 
VLBI  analysis,  while  it  is  only  0.64  in  the  LLR  analysis.  Such  a  huge  correlation  coefficient 
is  explained  by  the  shape  of  Ai/>j ,  which  is  almost  linear  over  the  period  of  our  VLBI  obser¬ 
vations  (see  Figure  2).  Besides  this  correlation  coefficient,  14  other  correlation  coefficients 
are  larger  than  0.50  in  the  VLBI  analysis,  4  of  them  larger  than  0.90.  By  contrast,  only 
3  correlation  coefficients  are  larger  than  0.50  (maximum  value  of  0.64)  in  the  LLR  analysis. 
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Table  1.  Comparison  of  the  VLBI,  LLR,  and  Combined  VLBI/LLR  Estimates 
of  25  Precession  and  Nutation  Constants 


LLR 

VLBI 

VLBI/LLR 

Precession 

-2.66  ±0.17 

-5.17  ±1.87 

-2.8310.15 

18.6  yr  Ae\ 

AeJ 

Atl^l 

0.47  ±0.59 
-7.60  ±  1.49 
2.46  ±0.74 

3.12  ±1.52 

1.57  ±0.26 
-10.2).  ±3.62 
2.80  ±0.54 
12.52  ±8.29 

1.4410.20 
-6.07 1 0.85 
2.2810.37 
3.0510.96 

9  yr  AeS 

AiPi 

AeZ 

-0.43  ±0.49 
-0.22  ±1.04 
-0.29  ±0.50 

1.09  ±1.02 

0.18  ±0.23 
-0.88  ±1.76 
-0.17  ±0.34 
-1.2411.56 

-0.1210.18 
1.1710.62 
0.0410.24 
0.08 1 0.41 

1  yr  Ae*io 

ACjq 

1.59  ±0.34 

5.03  ±  0.66 
-1.87  ±0.27 
-0.39  ±0.47 

1.6010.13 
4.2610.34 
-0.25  ±  0.12 
0.8510.33 

1.6910.11 
4.25 1 0.27 
-0.5410.10 
0.81  ±  0.25 

0.5  yr  AeS 
A0I 

Ae| 

Aro 

-0.65  ±  0.27 

1.09  ±0.50 

1.02  ±0.29 
-0.02  ±  0.52 

-0.5810.11 

1.7010.33 

-0.6110.12 

-0.2810.30 

-0.5010.10 

1.3710.25 

-0.4410.10 

-0.2710.24 

14  day  Aslj 
At&li 

Ae|i 

0.80  ±  0.47 
-2.97  ±0.93 

0.91  ±  0.42 

0.75  ±  0.82 

0.1810.11 
-0.49  ±  0.30 
0.0510.12 
0.6810.31 

0.0710.10 
-0.74  1  0.23 
-0.1210.10 
0.5610.25 

FCN  Ae^ 
At/.f 

A4 

Arr 

-0.12x0.26 
-0.71  X  0.42 
-1.03  ±0.25 
0.1910.50 

-0.2910.13 

1.21  ±0.42 
0.1010.15 
-0.9310.35 

-0.3410.11 
0.04  1  0.28 
-0.1310.13 
-0.61 1  0.26 

LLR  data  cover  a  period  long  enough  to  properly  separate  the  precession  constant  and 
the  18.6  yr  and  9  yr  nutation  terms. 

In  the  combined  VLBI/LLR  analysis,  correlation  coefficients  are  significantly  reduced 
relative  to  those  of  the  VLBI  analysis  alone,  only  8  correlation  coefficients  are  larger  than 
0.50  (instead  of  15  in  the  VLBI  analysis),  and  the  maximum  value  is  0.88  (instead  of  0.997 
in  the  VLBI  analysis).  It  is  also  to  be  noted  that  formal  uncertaintie.s  of  parameters  are 


233 


smaller  in  the  combined  analysis  than  in  the  individual  VLBI  and  LLR  analyses,  with 
improvements  of  up  to  a  factor  of  2.5  (case  of  A^l).  Based  on  the  decrease  of  the 
correlation  coefficients  and  the  impiovement  of  formal  uncertainties,  we  argue  that  the 
combined  VLBI/LLR  analysis  is  stronger  than  either  analysis  alone.  Comparing  our 
VLBI/LLR  estimates  with  the  independent  VLBI  results  of  Herring  (1988)  and  Zhu  et 
al.  (1990)  indicates  good  overall  agreement,  with  most  of  the  differences  at  the  1-2  <7 
level.  Because  of  the  addition  of  the  LLR  data,  our  estimates  of  the  precession  constant 
and  the  18.6  yr  nutation  terms  are  stronger  than  those  of  Herring  (1988)  and  Zhu  cl  al. 
(1990).  It  is  also  worth  noting  that  for  the  9  yr  nutation  terms,  not  previously  estimated 
from  VLBI  data,  our  estimates  of  the  corrections  (--0.12  ±  0.18,  1.17  ±  0.62,  0.04  ±  0.24, 
0.08  ±  0.41  mas)  are  in  good  agreement  with  those  from  the  deformable-Earth  series  of 
Zhu  et  al.  (1990)  (-0.25,  1.23, 0.0,  0.0  mas). 


5.  Conclusion 

25  precession  and  nutation  parameters  are  estimated  in  a  combined  analysis  of  20  years 
of  LLR  data  and  11  years  of  VLBI  data.  This  global  VLBI/LLR  analysis  combines  the 
information  matrices  derived  separately  from  the  VLBI  and  LLR  data  equations.  Com¬ 
parisons  of  formal  uncertainties  and  correlation  coefficients  between  various  precession 
and  nutation  parameters  show  that  the  combined  VLBI/LLR  analysis  is  stronger  than 
either  the  VLBI  or  the  LLR  analysis  alone.  This  combined  analysis  provides  estimates  of 
the  precession  constant  and  the  18.6  yr  nutation  terms  that  are  stronger  than  any  previ¬ 
ous  results.  It  also  provides,  for  the  first  time,  estimates  of  the  9  yr  nutation  terms.  We 
emphasize  that  our  results  do  not  depend  on  any  geophysical  hypothesis,  that  they  are 
unconstrained,  and  that  they  have  been  obtained  with  the  full  VLBI  and  LLR  informa¬ 
tion  matrices  retained.  The  overall  agreement  between  our  estimates  and  the  independent 
results  of  Herring  (1988)  and  Zhu  et  al.  (1990)  is  good. 
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ABSTRACT.  The  main  purpose  of  this  contribution  is  twofold.  First,  v/e  report 
on  a  preliminary  assessment  of  the  astrometric  properties  of  the  CCD  system  we 
are  presently  using  to  extend  the  magnitude  limit  of  the  Torino  program  on  optical 
positions  of  QSO’s.  This  assessment  is  based  on  the  internal  consistency  of  the 
positions  derived  from  different  CCD  frames  of  the  same  objects.  Then,  we  give 
a  first  evaluation  of  the  precision  of  CCD  derived  QSO  positions  after  extending 
a  plate  based  reference  frame  (secondary  frame)  onto  the  CCD  images  (tertiary 
frame). 

Special  emphasis  is  given  to  comparisons  with  plate  positions  of  the  same  faint 
objects.  It  is  shown  that  use  of  the  CCD  camera  promises  a  factor  of  five  (or  larger) 
improvement  in  the  precision  of  QSO  positions. 


1.  Introduction 

The  extention  to  fainter  magnitudes  (F  >  16.5)  of  the  Torino  program  on  optical 
positions  of  extragalactic  radio-sources  (Chiumiento  et  al.  1987,  Chiumiento  et  al. 
1989)  brought  us  to  experiment  with  tne  320  x  512  pixels  RCA  CCD  (1  square 
pixel  =  30  fim  on  a  side)  attached  to  the  1.5  m  Ritchey- Chretien  of  the  University 
of  Bologna.  The  CCD  system  operated  at  a  temperature  of  about  120  °K  and  the 
telescope  scale  at  the  CCD  chip  is  0.51”/pixel. 

Several  targets  exist  in  our  observing  list  such  that  3  or  more  stars  (besides  the 
QSO)  are  measurable  on  our  photographic  plates  within  the  CCD  field  (2*. 7  x  4’.4). 
The  plates  are  calibrated  via  CAMC  stars  (La  Palma  1989);  thus  the  CCD  frames 
can  be  tied  to  the  CAMC  (FK5)  system  by  using  the  stars  surrounding  the  QSO 
as  the  link  stars. 

In  the  next  section  we  will  briefly  describe  the  available  CCD  observations. 
Then,  we  report  on  the  internal  precision  of  our  CCD  astrometry.  Finally,  a  pre¬ 
liminary  evaluation  of  the  precision  of  CCD  based  QSO  positions  is  given  in  section 
5.  There,  we  also  compare  the  quality  of  our  CCD  astrometry  to  photographic  er¬ 
rors  we  had  previously  obtained  for  the  same  targets. 
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2.  Observations 

During  four  nights  (Jan  24,  Feb  5-7,  1990)  partially  devoted  to  this  program,  we 
obtained  34  CCD  frames,  B  and  V  colors,  of  10  radiosources  of  our  main  program. 
The  exposure  times  ranged  from  5  to  30  minutes.  The  February  nights  were  during 
fill!  Moon;  thus  about  one  third  of  the  avsdlable  exposures  have  an  abnormally  high 
sky  background.  The  number  of  usable  link  stars  in  the  frames  varies  from  3  to  10. 


3.  Reduction  of  the  CCD  frames 

As  usual,  the  CCD  frames  are  first  corrected  for  dark  current,  bias,  and  pixel-to- 
pixel  sensitivity  variations  (flat  fielding).  Then,  the  astrometric  image  processing 
is  done  using  the  PC-based  software  ROBIN  developed  at  Torino  Observatory 
(Lanteri  1990).  ROBIN  is  a  package  specifically  designed  for  astrometric  reductions 
of  both  CCD  and  PDS  images. 

ROBIN  fits  a  bidimensional  gaussian-hke  function  to  the  star  images,  plus  a 
linear  (both  in  x  and  y  coordinates)  polynomial  to  take  into  account  the  sky  back¬ 
ground.  The  fits  are  performed  on  windows  extracted  from  the  frames,  whose  sizes 
vary  with  object  magnitudes. 

ROBIN  outputs  the  estimated  x  and  y  coodinates  (in  pixel  units)  of  the  objects 
successfully  centered  (i.e.  the  center  of  the  bidimensioneil  gaussian  model)  and  their 
dispersions  {cr ’s).  Instrumental  magnitudes  of  the  same  objects  are  also  derived. 

Finally,  these  quantities  are  processed  through  our  standard  astrometric  soft¬ 
ware. 

4.  Internal  precision  of  CCD  Astrometry 

For  this  preliminary  study  of  the  internal  precision  of  CCD  based  positions,  we  used 
frames  of  comparable  exposure  times  on  the  two  QSO’s  1148-001  and  1611-f343 
(Argue  et  al,  1984).  Both  targets  have  a  B  magnitude  close  to  17*” .5.  Ten  and 
seven  star-like  images  (besides  the  QSO’s)  were  successfully  centroided  (see  sec. 
Ill)  in  the  fields  of  1148-001  and  1611-}-343  respectively.  The  signal-to-noise  ratios 
of  the  different  images  varied  from  S/N  ~  25  (for  objects  of  B  ~  lO*")  to  S/N  ~  3 
(for  B  ~  20’"). 

Also,  through  the  estimated  a's  of  the  stars,  we  computed  the  FWHM  of  the 
PSF  of  each  frame  {FWHM  ~  2.4  x  cr).  A  typical  cr  during  our  observing  nights 
was  1.6  pixel,  v/hich  gives  a  typical  seeing  of  ~  2”. 

The  internal  astrometric  error  was  determined  by  comparison  of  the  different 
exposures  after  bringing  each  of  them  into  the  same  instrumental  reference  frame 
via  a  6-constant  least  squares  adjustment. 

The  average  error  in  one  coordinate  ranges  from  0.02  pixel  (~  0’’.01)  for  the 
“bright”  objects  (<  B  >~  H*")  to  about  0.15  pixel  (~  0”.07)  for  those  close  to 
the  frame  limit  (<  B  >~  20’"). 

Estimates  of  the  photometric  interned  precision  were  calculated  as  well.  The 
average  errors  vary  from  0’".01  for  the  bright  objects  to  O’". 15  for  the  faint  ones. 
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5.  CCD  based  QSO  positions 

In  order  to  evaluate  the  internal  consistency  of  QSO  positions,  we  selected  test 
objects  from  our  main  list  for  which  we  have  both  plate  and  CCD  series.  Unfor¬ 
tunately,  the  CCD  run  covered  a  range  in  right  ascension  poorly  covered  by  our 
reduced  photographic  material.  Anyway,  we  had  available  2  plates  of  1611+343. 
Both  plates  were  taken  at  the  same  telescope  used  for  the  CCD  observations.  One 
of  the  two  plates  covers  a  square  field  of  about  65’  on  a  side  and  contains  13  CAMC 
stars.  On  this  plate  we  measured  both  the  secondary  (15  stars)  and  the  tertiary 
(7  stars)  reference  frames.  The  secondary  link  stars  were  used  to  reduce  the  other 
plate  which  is  only  9x12  cm.  The  magnitudes  of  the  CAMC  stars  range  from 
V=10  to  V=13.  Secondary  link  stars  have  magnitudes  between  14"^  and  16”*  and 
the  Tertiary  stars  cover  the  interval  from  16.5"*  to  17.5"*. 

Given  the  photographic  tertiary  frame,  the  three  CCD  frames  available  for 
1611+343  were  independently  reduced.  Then,  the  three  positions  were  intercom- 
pared  to  evaluate  the  internal  consistency.  The  resulting  root-mean-square  errors 
are  ±0’’.038  in  RA  and  ±0’’.047  in  DEC.  This  resiilt,  jdthough  very  preliminary, 
points  to  an  improvement  of  about  a  factor  of  10  over  the  traditional  photographic 
techniqxie  at  J9  ~  17”*.5,  as  shown  in  Figure  1. 


m 


Figure  1.  Photographic  vs  CCD  astrometric  precision 
•  =  Photographic;  a  =  CCD 
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ABSTRACT.  The  FKS  Extension,  consisting  of  3117  new  fundamental  stars 
selected  from  the  FK4  Sup  catalogue  and  the  IRS  list,  will  extend  the 
FKS  system  to  about  9.Sth  visual  magnitude.  The  construction  of  the  FKS 
Extension  is  briefly  described  and  the  main  characteristics  are  given. 

1.  INTRODUCTION 

The  Fifth  Fundamental  Catalogue  (FKS)  will  consist  of  two  parts,  namely 
the  "Basic  FKS"  (Fricke  et  al.,  1988)  and  the  "FKS  Extension".  The 
Basic  FKS  contains  the  classical  153S  fundamental  stars  already  given 
in  the  FK4 .  Systematic  and  individual  corrections  to  the  mean  positions 
and  proper  motions  of  the  FK4  have  been  derived  and  the  IAU(1976)  System 
of  Astronomical  Constants  has  been  introduced.  The  Basic  FKS  defines  the 
system  of  the  new  fundamental  catalogue;  it  has  been  constructed  with 
the  aim  to  represent  an  inertial  system  as  far  as  possible.  Details  are 
given  in  the  introduction  to  the  Basic  FKS  as  well  as  by  Schwan  (1987) 
and  in  the  literature  quoted  there. 

One  important  shortcoming  of  the  FK4  is  the  predominance  of  bright 
stars.  Only  about  100  stars  are  fainter  than  magnitude  6.S  and  thus  the 
FK4  is  not  well  defined  at  magnitudes  fainter  than  this.  The  extension 
of  the  optical  system  to  fainter  magnitudes  was  therefore  an  indispensa¬ 
ble  task  in  constructing  the  FKS. 

2.  SELECTION  OF  THE  NEW  FUNDAMENTAL  STARS 

It  was  realized  by  Fricke  (1973)  that  there  are  essentially  two  star 
lists  from  which  the  new  fundamental  stars  could  be  selected:  the  Inter¬ 
national  Reference  Stars  (IRS)  for  extending  the  system  to  about  magni¬ 
tude  9.S  and  the  FK4  Sup  stars  which  had  to  fill  a  remaining  gap  in  the 
magnitude  distribution  from  about  5th  to  7th  magnitude. 

Mean  positions  and  proper  motions  were  determined  for  all  IRS  at  the 
U.S.  Naval  Observatory  (Corbin  and  Urban,  1990)  and  for  all  FK4  Sup 
stars  at  the  Astronomisches  Rechen-Institut  (Schwan,  1987).  On  the 
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basis  of  the  mean  errors  of  the  positions  and  proper  motions  and  the 
distribution  over  the  sky  coupled  with  the  distribution  in  magnitude  we 
have  selected  992  stars  from  the  FK4  Sup  and  2125  stars  from  the  IRS, 
altogether  3117  new  fundamental  stars.  These  new  fundamental  stars  re¬ 
present  the  FK5  Extension  and  they  are  to  define  the  FK5  system  for 
fainter  stars  up  to  about  9.5th  mag. 

It  seems  to  be  worth  mentioning  that  the  FK5  Extension  includes  12  FK4 
Sup  stars  not  yet  in  the  tape  version  of  the  bright  stars  in  the  FK5  Ex¬ 
tension  which  has  been  distributed  since  1988. 

3.  DERIVATION  OF  MEAN  POSITIONS  AND  PROPER  MOTIONS 

The  FK5  Extension  was  primarily  derived  in  the  system  of  the  FK4.  All 
observations  which  could  be  used  for  the  derivation  of  mean  positions 
and  proper  motions  had  therefore  to  be  referred  to  that  system.  This 
transformation  was  comparatively  easy  in  the  case  of  the  FKA  Sup  stars 
since  most  of  them  do  not  exceed  seventh  magnitude.  On  the  basis  of  the 
FKA  stars  in  an  observational  catalogue  the  systematic  relations  Cat-FKA 
were  determined  and  the  observed  positions  were  directly  transformed  to 
the  FKA  system. 

In  the  case  of  the  IRS,  in  particular  of  the  southern  IRS,  this  simple 
procedure  was  not  possible,  since  most  of  these  stars  are  outside  the 
limit  of  FKA  magnitudes.  The  systematic  relations  Cat-FKA,  determined 
on  the  basis  of  the  FKA  stars  alone,  could  not  be  directly  applied  to 
the  fainter  stars.  It  was  necessary  to  construct  first  an  intermediate 
system  which  represents  the  FKA  system  for  fainter  magnitudes.  The  ob¬ 
servations  which  could  be  used  for  that  purpose  had  either  to  be  free  of 
magnitude  dependent  errors  or  their  systematic  errors  at  faint  magnitu¬ 
des  had  to  be  determined.  North  of  -30  degrees  the  catalogues  observed 
with  screens  (which  eliminate  magnitude  equations)  could  be  used  to  de¬ 
rive  such  an  intermediate  system.  There  was,  however,  an  insufficient 
number  of  appropriate  catalogues  for  deriving  a  corresponding  system 
south  of  -30  degrees.  In  that  region  an  extrapolation  of  the  magnitude 
equation  from  northern  declinations  to  the  southern  region  was  necessa¬ 
ry.  This  extrapolation  could  be  performed  by  making  use  of  southern  ca¬ 
talogues  observed  with  a  moving-wire  micrometer.  Such  catalogues  have 
been  found  to  have  magnitude  equations  that  are  not  declination  depen¬ 
dent. 

The  construction  of  an  intermediate  system  extending  the  FKA  system  to 
about  magnitude  9.5  was  the  essential  step  in  deriving  the  astrometric 
data  for  the  IRS  stars.  This  extended  FKA  system  could  be  used  to  re¬ 
duce  many  other  catalogues  with  observed  faint  stars  to  the  FKA  (see 
also  Corbin  and  Urban,  (1990)). 

After  having  transformed  all  relevant  observations  to  the  FKA  system  we 
have  performed  weighted  least  squares  solutions  for  deriving  the  mean 
positions  and  proper  motions  from  the  various  observed  catalogue  positi¬ 
ons  . 
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Fig.  2.  FK5  Extension:  Distribution  of  mean  errors  of  mean  positions 
in  RA  (left)  and  DEC  (right),  respectively;  units:  0.01  arcsec. 


Fig.  3.  FK5  Extension:  Distribution  of  mean  errors  of  the  proper  moti 
ons  in  RA  (left)  and  DEC  (right),  respectively;  units:  0.01  arcsec/cy 


Fig. A.  Distribution  of  apparent  mag¬ 
nitudes  of  the  whole  FK5  (Basic  FK5 
plus  Extension) 
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A.  MAIN  CHARACTERISTICS  OF  THE  FK5  EXTENSION 

The  main  characteristics  of  the  FK5  Extension  are  presented  in  the  four 
figures.  In  Fig.  1  we  show  the  distribution  of  mean  epochs  in  right  as¬ 
cension  (left)  and  declination  (right),  respectively.  There  is  a  small 
dip  in  both  distributions  indicating  that  the  FK4  Sup  stars  in  the  FK5- 

Extension  have,  on  the  average,  more  recent  mean  epochs  than  the  IRS. 

This  is  a  consequence  of  the  fact  that  the  Sup  stars  were  preferentially 
observed  after  1955  when  they  had  been  proposed  as  candidates  for  a  fu¬ 
ture  extension  of  the  fundamental  system.  The  two  subgroups  can  more  or 

less  also  be  identified  in  Fig.  2  and  Fig.  3.  The  average  mean  epoch  of 

the  FK5  Extension  is  1944. 

In  Fig.  2  are  given  the  distributions  of  the  mean  errors  of  mean  posi¬ 
tions  in  right  ascension  (left,  multiplied  with  cos (delta))  and  declina¬ 
tion  (right),  respectively,  and  in  Fig.  3  one  finds  the  corresponding 
distribution  of  the  proper  motion  errors.  The  FK4  Sup  stars  are  a  litt¬ 
le  more  precise  than  the  IRS.  The  overall  precisions  are  0.055  arcsec 
for  the  mean  positions  and  0.255  arcsec/cy  for  the  proper  motions. 

In  Fig.  4  we  present  the  distribution  of  apparent  visual  magnitudes  of 
the  whole  FK5  (Basic  plus  Extension).  Preliminary  magnitudes  were  used 
in  the  star  selection  and  also  in  Fig.  4.  It  is,  however,  unlikely  that 
the  final  magnitudes  will  alter  this  distribution  significantly. 

5.  PRESENTATION  OF  THE  FK5  EXTENSION 

The  FK5  Extension  will  be  given,  as  far  as  possible,  in  the  same  format 
as  the  Basic  FK5.  We  plan  to  publish  the  following  data  for  each  star: 
FK5  number,  apparent  visual  magnitude,  spectral  type,  position  and  pro¬ 
per  motion  for  the  epoch  and  equinox  J2000  in  accordance  with  the  lAU 
(1976)  System  of  Astronomical  Constants,  the  corresponding  values  trans¬ 
formed  to  epoch  and  equinox  B1950,  mean  epochs  of  observation,  mean 
errors  of  position  and  proper  motion  at  the  mean  epochs,  and  identifi¬ 
cations  with  some  other  important  star  lists.  Paralaxes  and  radial 
velocities  will  be  given  in  the  catalogue  for  all  stars  with  significant 
foreshortening  terms. 

We  hope  that  a  tape  version  of  the  FK5  Extension  can  be  made  available 
around  the  beginning  of  the  next  year. 
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ABSTRACT.  Optical  fluctuations  of  the  radiostar  g  Parser  are  seen 
from  13  campaigns  performed  with  the  astrolabe  located  at  the  Paris 
Observatory, 


1.  INTRODUCTION 

Among  the  radiostars,  g Perse!  (Algol)  -  a  fundamental  star  -  was 
chosen  by  radioastronomars  as  a  zero  reference  for  right  ascensions 
in  radioastrometry.  Since  1975  this  fundamental  star  has  been  included 
in  the  observing  programme  performed  by  the  "Astrolabe  et  systfemes 
de  r^f^rence"  group  in  charge  of  the  instrument  at  the  Paris 
Observatory,  The  eight  first  campaigns  published  have  been  presented 
at  the  lAU  Colloquium  n°  100  (Belgrade  1987).  The  average  of  the 
mean  square  errors  given  were  0.004s  in  right  ascension  and  0.13" 
in  declination,  according  to  the  FK4  and  the  constants  in  use  at 
that  time. 


2.  DETERMINATIONS  AND  ERRORS 

There  are  now  thirteen  campaigns  available  from  1975/76  to  1987/88 
and  they  have  been  reduced  in  the  FK5  system  with  the  new  fundamental 
constants  according  to  the  formulas  established  by  Chollet  (1984). 
Due  to  the  fact  that  the  group  and  the  internal  smoothing  corrections 
(according  to  Ddbarbat  et  Guinot,  1970)  are  not  yet  available  in 
the  case  of  the  FK5,  the  reduction  have  been  performed  for  both 
PK4  and  PK5.  As  an  example  of  residuals,  for  the  zenith  distance, 
to  which  accuracy  this  quantity  is  obtainable  when  12  transits  (at 
east  and  at  west)  are  observed.  Table  I  gives  the  values  for  the 
1983/1984  campaign  (J  2000,  FK4  and  FK5), 
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Table  I 


East 

residuals 

FK4 

- 

0.114" 

± 

0.085" 

12 

transits 

J  2000 

PK5 

- 

0.123" 

±. 

0.096" 

West 

residuals 

FK4 

+ 

0.077" 

X 

0.078" 

12 

transits 

J  2000 

FK5 

+ 

0.093" 

•t 

0.081" 

The  residuals  are  not  significantly  different  when  the  FK4 
and  the  FK5  quantities  are  used.  Also  thoir  mean  square  errors  have 
the  same  order  of  magnitude. 

For  each  of  the  13  campaigns  (1975/1976-1987/1988),  Aa  andA6 
have  been  derived,  the  calculation  being  made  in  two  cases  J  2000, 
FK4  and  J  2000  FK5.  The  probable  errors  calculated  for  each  campaign 
correspond  to  an  average  which  is  the  same  in  the  case  of  the  FK4 
and  in  the  case  of  the  FK5  ;  ±  0.0058s  (right  ascension),  +  0.116" 
(declination) . 


3.  FLUCTUATIONS  IN  RIGHT  ASCENSION  AND  IN  DECLINATION 

As  fluctuations  appeared  in  both  coordinates  (fig.l  and  fig. 2), 
smoothing  curves  (according  to  Vondrak  1969)  have  been  determined 
with  the  same  smoothing  factor  ;  they  are  reported  on  figures  1 
and  2.  The  corresponding  mean  square  errors,  together  with  the  errors 
with  which  the  curves  are  mathematically  given,  are  in  Table  II. 


Right  ascension 
Declination 


Table  II 

Mean  square  error 

±  0.0042s 
±  0.140" 


Error  of  the  curve 

±  0.0012s 
+  0.039" 


The  amplitudes  for  the  fluctuations  (0.010s  in  right  ascension, 
0.25"  in  declination)  and  the  associated  errors  (0.0012s  and  0.039") 
show  that  the  optical  variations  appears  to  be  real. 

The  optical  positions  of  this  radiostar  (which  is  also  a  multiple 
star),  no  longer  used  as  a  zero  reference  in  right  ascension,  but 
still  an  object  of  interest  for  radioastronomers  and  double  star 
specialists,  must  be  compared  with  VLA  and/or  VLBI  determinations 
for  the  same  period. 


245 


4.  CONCLUSION 

3  Persei,  as  a  fundamental  star  among  the  radiostars  will  be  used 
for  the  linkage  of  the  "optical"  and  the  "radio"  system  of  reference. 
3  Persel  represents  an  example  of  the  problems  to  which  the  link 
will  have  to  face  due  to  the  fluctuations  this  star  is  showing  after 
13  years  of  optical  observations. 
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Improving  the  Reference  Frame  by  Radio-and  Optical 
Astrometry  of  Radio  Stars 
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Hamburg  Observatory,  Germany 
K.J.  Johnston 

Naval  Research  Laboratory,  Washington  D.C.  USA 
R.  Hinds ley 

U.S. Naval  Observatory,  Washington  D.C.  USA 

ABSTRACT.  A  longterm  program  of  precise  radio  -  and  optical 
astrometry  of  selected  radio  stars  has  been  conducted  in 
the  last  decade  by  our  observatories  using  the  VLA  and 
astrographs  on  both  hemispheres.  Positions  of  54  stars 
north  of  -2(5  deg.  declination  including  6  MASER  stars  have 
been  obtained.  The  program  status  and  some  results  from  the 
southern  hemisphere  are  reported. 


1 .  Introduction 

The  VLA  has  been  used  since  the  early  '80  to  determine 
precise  astrometric  parameters  of  selected  radio  stars  in 
the  primary  extragalactic  VLBI  reference  frame.  For  a 
recent  detailed  description  of  the  observing  program  and 
previous  results  we  refer  to  /I/  and  further  references 
therein. 

The  main  goal  of  the  program  is  to  provide  a  net  of  about 
100  radio  stars  globally  to  link  the  present  groundbased 
optical  reference  frame  to  the  VLBI  based  extragalactic 
reference  frame  and  to  provide  a  similar  link  for  the  space 
based  HIPPARCOS  stellar  net  /2/. 

As  most  stars  display  radio  emission  at  cm  wavelengths  only 
on  the  level  of  a  few  mJ,  presently  only  the  VLA  can  provi¬ 
de  the  necessary  sensitivity  although  the  accesible  sky 
coverage  is  limited  to  >  -26  deg.  decl. 


2.  Status  of  Radio  Work 

At  present  precise  positions  {±0.01-0.02  arcsec)  have  been 
obtained  for  54  stars,  including  6  MASER  stars.  Radio 
proper  motions  (±0.004  mas/yr)  have  been  determined  now  for 
the  stars  HR1099  and  UX  Ari  and  second  epoch  observations 
have  begun  for  additional  stars. 
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The  quoted  accuracies  may  be  improved  finally  to  the  1  mas 
level  by  incorporating  additional  calibrator  sources  in  the 
close  vicinity  of  the  stars.  In  addition  work  on  radio 
parallaxes  has  been  started  for  UX  Ari.  The  diagram  dis¬ 
plays  the  distribution  of  the  present  radio  stars.  The  lack 
of  observations  on  the  southern  hemisphere  is  obvious,  how¬ 
ever,  the  coverage  extends  already  far  enough  to  the  south 
to  allow  for  a  rotation  solution  in  the  ccmparision  of  the 
reference  frames. 

3.  Status  of  Optical  Observations 

Almost  all  radio  stars  of  the  present  sample  are  optically 
brighter  than  visual  magnitude  12  .  Therefore  they  ^an  be 
tied  to  the  optical  fundamental  reference  frame  as  given  by 
the  IRS-catalog  easily  by  use  of  high  quality  wide  field 
astrographs  on  both  hemispheres. 

Due  to  the  favourable  field  size  of  these  instruments  which 
is  at  least  25  sq.deg.  and  corresponding  number  of  IRS- 
reference  stars,  the  positions  of  the  radio  star  can  be 
determined  with  high  systematic  accuray  (  <0.05  arcsec)  in 
the  FK5  system.  Table  1  summarizes  the  main  instrumental 
parameters. 

Table  1 .  Main  Instrumental  Parameters  of  Astrographs 


Northern  Hemisphere 

Southern  Hemisphere 

Site:  Hamburg  +53.5  Lat. 

New  Zealand  -41.8  Lat.  •) 

Aperture:  23  cm 

20  cm 

Scale:  100"/mm 

100"/ mmm 

Field:  6x6  deg. 

5x5  deg. 

Spectral  range:  5200  -  5800  A 

5000  -  5800  A 

Gratings:  4  mag  /  6  mag 

4  mag  /  6  mag 

Emulsion  +  Filter:  103aG+OG515 

103aG+GG495 

Plate  size:  240x240x6.4  mm  III 

203x254x6.4  mm  III 

III= (micro-flat ) 

Reference  star  Catalog:  AGK3RN 

SRS  ••) 

*)  USNO  Southern  Hem.  Station  at  Black  Birch  Astron. 
Observatory 

**)  SRS=final  Version  USNO  /3/,  both  cat.  FK4/B1950  and 
FK5/J2000  version. 
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Normally  4  plates  (single  exposure)  or  2  plates  (double 
exp.)  have  been  used  for  each  object  and  2  (1)  plates  have 
been  combined  in  pairs,  exposed  symmetrical  to  the  meridian 
and  in  opposite  orientation  of  the  telescope  to  the  sky  to 
minimize  possible  residual  color  dependent  effects  of  the 
optics  and  atmosphere  /4/.  Depending  on  the  magnitude  of 
the  radio  star,  a  6  or  4  mag.  grating  has  been  used.  Most 
of  the  plates  have  been  measured  on  the  recently  completely 
automated  and  CCD-camera  based  MANN-Comparator  of  Hamburg 
Observatory  /5/.  Typical  mean  errors  of  0.05  arcsec  for  the 
optical  positions  have  been  achieved.  Both  the  AGK3RN  and 
SRS  catalogs  have  been  transfered  to  the  FK5-system  using 
the  analytical  expressions,  as  developed  at  ARI-Heidelberg 
/6/.  As  the  systematic  differences  FK5-FK4  reach  their 
largest  amplitudes  on  the  southern  hemisphere,  radio  stars 
may  provide  an  excellent  test,  at  least  locally.  Table  2 
shows  some  examples.  The  m.e.  of  a  single  "0-R"  difference 
is  0.05  arcsec  wich  demonstrates  the  systematic  quality  of 
the  SRS  catalog  obviously.  Similar  results  have  been 
obtained  recently  for  a  small  sample  of  extragalactic  radio 
sources  /7/. 

Table  2.  Examples  of  Southern  Hemisphere  System  Comparisons 
"Optical  -  "Radio"  (SRS  cat.Fk5/J2000 ) 


Star  DA*cos(dec)  DD  (arcsec) 


TW  Lep 

+  0.05 

+0.04 

RV  Lib 

+0.11 

-0.17 

HU  Vir 

-0.06 

-0.07 

Distribution  of  stars  from  VLA-program 
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INFLUENCE  OF  THE  SOLID  INNER  CORE  AND  CC»<PRESSIBILITY  OF  THE 
FLUID  CORE  ON  THE  EARTH  NUTATION 

Sergei  DIAICONOV 


1  INTRODUCTION 

While  calculating  low  frequency  oscillations  of  the  Earth 
liquid  core  spherical  harmonic  representation  of  the  defor¬ 
mation  field  is  usually  used  [1-3]: 

Substitution  of  (1)  into  the  equations  of  motion  gives  an 
infinite  system^of  differential  equations  for  scalar  func¬ 
tions  Sj^  and  .  Approximate  solutions  of  such  a  system 

are  obtained  by  truncating  of  the  system.  But  results  of  [4] 
show  that  sometimes  such  method  divergences. 

2  NUTATION  OF  THE  EARTH  WITH  COMPRESSIBLE  CORE 

2.1  MODEL.  Let  us  calculate  a  forced  nutation  amplitude  for 
the  Earth  model  consisting  of  the  rigid  mantle  and  compres¬ 
sible  liquid  core  with  simple  liquid  density  distribution: 

P(r^)  =  )  >  (2) 

where  r  is  dimensionless  radius. 

Let  us  investigate  behavior  of  such  a  system  affected  by 
tide-generating  potential.  The  mantle  angular  velocity  may 
be  written  in  the  form: 

n  =  {  yj(l-iJ  )ext(  io't)  +  k  }w  ,  (3) 

and  nutation  amplitude  r?  must  be  found. 


EQUATIONS  OF  LIQUID  OSCILLATIONS.  Small  oscillations  of 
the  fluid  core  are  described  by  the  following  equations: 


Av'  - 


4w*  ip 


2  j,  2 

a  dz 


+  ( x-s-iys) exp ( io't)  ]  <? -4co  7p 

=  -(<y  -4co  ) - - — i - V  — 

a  io'  p 

AV^  =  4nGp(  1/a^)  (V^-V^-V|^-r)‘'i^(x’s-iys)exp(  io't) ) 

W  -  jf2-iy2)exp(  io't)  , 

Here  v,  P^,  are  perturbations  of  liquid  velocity, 


(4) 


(5) 

(6) 
pres¬ 


sure  and  gravitansional  potential  correspondingly,  a  is 
speed  of  sound  and  is  tide-generating  potential. 
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2.  3  METHOD  OF  SOLUTION.  Let  us  represent  the  solution  in  the 
form: 


V/  =  Vp  +  <5v'  .  (7) 

where  is  the  Poincare  solution: 

l-l/ir-TV(l-^^) 

V  =  - - - —  ixz-iys),  lr=cf/2<>i,  T  =1-1/^-  .  (8) 

C 

Let  represent  <5v'  by  expansion  on  characteristic  functions 
of  the  Poincare  operator: 


(9) 


and  functions  satisfy  to  the  equation 


2  2 
4w  d 
-  -- 

a  az 


=  x™ 

Ik  Ik 


(10) 


Substitution  of  (7)  and  (9)  into  the  system  (4)-(5)  gives 
a  system  of  equations  for  a"j^.  Nondiagonal  elements  of  the 

matrix  of  this  system,  as  numerical  results  show,  are  small 
compared  to  the  diagonal  ones.  This  allows  the  truncation 
the  expansion  (9)  in  order  to  obtain  an  approximate  solu¬ 
tion  . 


2.3  MAIN  RESULTS  AND  DISCUSSION.  Nutation  amplitudes  for  di¬ 
fferent  maximum  numbers  of  characteristic  functions  in  (9) 
are  given  in  table  1.  For  comparison,  nutation  amplitudes 
for  the  rigid  and  Poincare  models  are  also  shoun. 

Table  3.  Nutation  amplitudes  n  in  angular  milliseconds 
(<5=0.2,  ^^=0.0715  )  for  an  Earth  with  rigid  mantle. 


w 

Solid 

model 

Poincare 

model 

Compressible  core  model 

<5”+ CO 

M=2 

^4 

tt:6 

-6800 

-365.3 

-182.6 

8051.05 

24.94 

22.60 

7999.60 

-38.633 

28.197 

8000.851 

-25.536 

28.329 

8000.848 

-25.552 

28.329 

8000.848 

-25.554 

28.329 

The  results  obtained  show  that  the  compressibility  of  the 
fluid  Earth  core  may  significantly  affect  theoretical  nuta¬ 
tion  amplitudes  and  must  be  taken  into  account  while  calcu¬ 
lating  nutation  amplitudes.  Comparison  of  theoretical  nuta¬ 
tion  amplitude  with  radiointerferometer  data  may  give  some 
information  about  the  Earth  core. 
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3  NUTATION  OF  EARTH  WITH  SOLID  INNER  AND  FLUID  OUTER  CORES 
3.1  FORMULATION  OF  THE  PROBLEM.  Let  us  investigate  a  sympli- 
fied  earth  model  consisting  of:  (i)  rigid  mantle  with  ellip¬ 
soidal  cavity;  (ii)  ideal  homogeneous  incompressible  liquid, 
filling  the  cavity;  (iii)  solid  inner  core,  which  is  under 
the  influence  of  the  gravitation  field  in  the  center  of  the 
cavity , 

Let  the  surface  of  the  cavity  and  the  surface  of  the  inner 
core  be  discribed  by  the  equations: 

=  ^  ,  (11) 

/  +  /  +  =  -^  •  (12) 

Here  R^  and  R^,  and  are  equatorial  radiuses  and  eccen¬ 

tricities  of  cavity  and  solid  core  correspondingly. 

Let  us  examine  the  system  behavior  under  the  action  of  the 
tide-generating  potential.  The  angular  velocity  of  mantis  ro¬ 
tation  is  of  the  form: 

O  =  {  n(l-ij  )ext(  io-t)  +  k  }o>,  (13) 

Motion  of  the  inner  core  with  respect  to  the  moving  coor¬ 
dinate  system  may  be  described  by  instantaneous  angular  ve¬ 
locity: 

<5w  =  (i  -  ij)exp(io't)  (14) 

Unknown  amplitudes  of  nutation  >7  and  must  be  determined 

from  the  solution  of  the  problem. 

The  small  oscillations  of  the  fluid  core  are  described  by 
the  following  equation: 

4<o^  xfj 

Av' - i  — 7  =  0  -  (15) 

a  dz 

with  boundary  conditions  of  the  form: 

^  iiCOT?  f  . 


^  ^ -  1  -  ;r - -\(X3  -  iy3) 

2(l-k^)R'-  ^  1-ey 


r  €  S 


!B  ly  = 


IB  = 
o 


iijo'h  c 

1  ^ 

2 

-  1  .  _I_1 

•  z  1 

2{l-k^)R^^ 

*  1-c‘J 

2 

R, 

2  2-* 

-ik  n 

2w(l-ir')i? 

“  xk\dx 

k 

-  C7/2w  , 

T  =  1  -  i/k 

Here  and  are  the  surfaces  of  the  cavity  and  the  solid 
core  correspondingly. 
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3.2  RESULTS.  Approximate  solution  of  the  boundary  value  pro¬ 
blem  (7),  (9)  may  be  written  in  the  form: 


W  (a^  +  a^){xz  -  iyz) . 


(17) 


a  =  -7)00  - 


a 


2 


r)0'o 


i.  "  1 

fl  -  ^  ^  1 

l-l/if-rVd-^p^ 

^  1-r^J 

2 

L  k 

In  table  2  there  are  represented  the  values  of  nutation 
amplitudes  for:  (i)  the  solid  Earth  model,  (ii)  the  Poincare 
model,  (iii)  the  examined  model.  Numbers  in  Table  2  shows 
that  correction  to  forced  nutation  amplitude  due  to  the  exi¬ 
stence  of  the  inner  core,  may  be  greater  than  the  accuracy 
of  observations. 


Table  1.  Nutation  amplitude  in  angular  miliseconds 
(rj,-0.357r^,  ^:^=0.0715.  .£:2=0). 


(0 

O'+W 

Rigid 

model 

Poincare 

model 

Solid  inner 
core  model 

-6800 

8051.05 

7999.92 

8000 . 23 

-365.3 

24.91 

-38.63 

-31 . 24 

-182.6 

22.60 

28.16 

28.20 

182.6 

530.80 

571.71 

aaaBeaaiTT"-"T-Tt— f-i'i— sTjjLT.'gjg 

571.63 
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COMMENT  ON  THE  DEHNITION  OF  THE  NONROTATING  ORIGIN 


HEINRICH  EICHHORN 
Observatoire  de  Paris^ 

61,  ave.  de  1' Observatoire 
F-750I4  Paris 
France 


ABSTRACT,  The  paper  gives  a  rigorous  and  purely  formal  derivation  for  the  relationship 
between  the  “nonrotating”  origin  and  the  x-axis  of  the  Qj  system,  i.e.,  the  true  equator  system. 
Neglecting  nutation,  a  nonrotating  origin  could  also  be  achieved  by  putting  m=0  in  the 
formula  for  the  time  derivative  of  right  ascension. 

The  condition  defining  the  nonrotating  origin  is  stated  by  Capitaine,  Guinot  and  Souchay 
(1986)  as  “o  is  kinematically  defined  in  such  away  that,  as  P  moves  in  the  CRS,  [Oxyz]  has 
no  component  of  instantaneous  rotation  with  respect  to  the  CRS  around  Oz.”  This  obviously 
means  *at  the  axis  of  instantaneous  rotation  must  lie  in  the  y-z  plane  of  [0;icyzl. 

We  denote,  for  brevity,  the  CRS  by  K  and  the  system  {Oxyz\  by  k.  It  is  therefore  clear, 
that  the  matrix  M(k,K),  which  transforms  a  given  vector  from  k  to  K  is 

M{k,K)  =  R3(-£-90'’)R,(-<f)R3(S+90'’)  = 

/  sin£sinS+cos£cosScoscf  -sinEcosS+cosEsinScosd  cosEsind  \  /  \ 

I  -cosEsinS+sinEcosScosd  cosEcosS+sinEsinScosd  sinEsind  I  =  (  ®21^22^23  I 
\  -cosSsind  -sinSsind  cosd  /  \  a’},\aiiayi,  / 

In  this  expression,  E  and  d  are  longitude  and  colatitude,  resfjectivcly,  of  the  z’^-axis  with 
respect  to  K,  Md  5,  which  replaces  E  +  s  of  Capitaine,  Guinot  and  Souchay,  is  the  angle 
between  ther^-axis  and  the  direction  of  the  vector  (001)’*'  x  x{E,d)^  with  respect  to  K,  i.e., 
tliat  along  the  direction  in  which  the  x-y  planes  of  K  and  k,  respectively,  intersect. 

Since  the  matrix  M(k,  K)  is  orthogonal,  we  have 

M(K,k)  =  M’*'(k,K). 

We  therefore  have 

=  M^(k,  K)x*^  and  =  M(k,  K)jc*^. 

Since  we  assume  not  to  vary  with  time,  we  have 


*  On  leave  from  the  Department  of  Astronomy,  University  of  Florida,  Gainesville,  FL  3261 1 
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=  [( -^  M(KJc))  ^  +  ( -^  M(K.k))  5  +  (  ^  M(K.k))rf]  M(k.K)rk. 

•  «  •  » 

which  expresses  the  components  ofx^  in  terms  of  itself,  as  well  as  of  E,  S,  d,  E,  S  and  d. 


Routine  calculations  show  that 


n  /  0  <^33  *<^32  \ 

(4^M(K3c))M(k,K)=(  -033  0  )  • 

'■3£  V  “32  -“31  0  / 

/  0  -1  0  \ 

('^M(K.k))M(k,K)  =  (  1  0  0  land 

'  \  0  0  0  J 

^  /  0  0  -cosS  \ 

(^M(K.k)')M(k,K)  =  (  0  0  -sinS  I 

^  \  cosS  sin5  0  / 

One  obtains  the  angular  velocity  vector  C5  (whose  direction  is  in  the  axis  of  rotation)  by 
taking  the  cross  product  of  the  vector  with  its  velocity.  Thus  we  get 

(•iEs\nSsmd~dcosS)xy  +  (iEcosSsind+rfsin5)(>'2+z2)  +  (Ecosd  -  5);cz  \ 

(£sin5sin</-rfcosS)(j:2+z2)  -  (Ecos5sinrf+dsin5)A;y  +  (Ecosd  ■S)yz  I 

-(£sin5sind-d'cos5)yz  -  (£cos5sind+</sinS);rz  -  (Ecosd-S)(x^+y^)  ^ 

This  shows  that  tS  depends  on  the  vector;  tlie  requirement  stated  by  Capitaine,  Guinot  and 
Souchay  could  therefore  be  changed  to  read; 

“a  is  kinematically  defined  in  such  a  way  that,  as  P  (i.e,,  the  z-axis  of  k)  moves  with 
respect  to  K,  the  equatorial  plane  of  k  has  no  component  of  instantaneous  rotation  with 
respect  to  the  z-axis  of  k.”  Only  for  z  =  0  will  E  cosrf^  satisfy  this  requirement. 

(Note  tJiat  what  I  have  done  is  to  regard  the  motion  of  a  vector  (supposedly  fixed  in  K) 
with  respect  to  k,  this  mirrors  the  motion  of  the  system  with  respect  to  the  vector  and  is 
practically  the  same  thing.) 

There  is  a  certain  analogy  of  the  whole  situation  with  the  precessional  motion  of  the 
system  with  respect  to  the  system.  The  derivative  of  a  with  respect  to  time  is  given  by 
a  =  m  +  n  sin  a  tan  5.  Even  if  we  had  a  nonmoving  origin  for  the  right  ascensions,  which 
would  be  accomplished  by  setting  the  origin  such  that  m  =  0,  we  see  that  in  general,  d  =  0 
only  on  the  instant  equator,  quite  analogous  to  the  situation  we  have  described  above. 
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ABSTRACT.  The  U.S.  Nava!  Observatory  Navnet  program  monitors  changes  in  the 
rotation  of  the  Earth  on  a  regular  basis  using  radio  interferometric  observations  acquired 
with  telescopes  in  Alaska,  Hawaii,  Florida,  West  Virginia  and,  in  the  past,  Maryland; 
other  radio  telescopes  have  also  participated  occasionally.  These  observations  have  been 
used  to  derive  a  radio  interferometric  celestial  reference  system.  Navy  1990-5,  using  two 
years  of  dual  frequency  measurements  from  24-hour-duration  observing  sessions.  A  total 
of  84  extragalactic  radio  sources,  mostly  quasars,  have  been  observed  by  the  Navnet 
program  to  date,  of  which  70  currently  have  source  position  formal  errors  of  one  milli 
second  of  arc  or  less.  The  root  mean  square  of  the  difference  between  source  position 
estimates  from  the  Navnet  data  and  an  independently  derived  catalog  using  completely 
different  data  is  less  than  one  milli  second  of  arc  in  both  right  ascension  and  declination 
after  the  adjustment  of  an  arbitrary  rotational  offset  between  the  two  celestial  reference 
frames. 

I.  Introduction 

As  part  of  its  participation  in  the  National  Earth  Orientation  Service  (NEOS)  the  U.S. 
Naval  Observatory  (USNO)  operates  the  Navnet  program  in  Very  Long  Baseline 
Interferometiy  (VLBI)  to  monitor  changes  in  the  orientation  of  the  Earth  on  a  regular 
basis.  NEOS  is  a  joint  cooperative  effort  of  the  USNO  and  the  National  Geodetic  Survey 
(NGS),  and  this  VLBI  program  is  designed  to  complement  the  observations  coordinated 
by  the  NGS  as  pan  of  the  International  Radio  Interferometric  Surveying  (IRIS) 
subcommission.  The  Naval  Research  Laboratory  (NRL)  and  the  Crustal  Dynamics 
Project  VLBI  group  at  the  National  Aeronautics  and  Space  Administration  Goddard 
Space  Flight  Center  (GSFC)  have  also  assisted  in  the  development  of  the  program.  The 
USNO  program  measures  the  orientation  of  the  Earth  in  space  from  interferometric 
observations  acquired  with  telescopes  at  Gilmore  Creek,  Alaska,  Kokee  Park,  Hav/aii, 
Richmond,  Florida,  Green  Bank,  West  Virginia  and,  in  the  past,  Maryland  Point, 
Maryland.  Radio  telescopes  at  Mojave,  California,  Westford,  Massachusetts,  Algonquin 
Park,  Canada,  and  Medicina,  Noto,  and  Matera,  Italy,  have  also  participated  in  these 
experiments  on  an  occasional  basis.  Current  Navnet  operations  consist  of  one  24-hour- 
duration  observing  session  per  week  together  with  three-hour  duration  observing  sessions 
on  two  other  days  of  the  week.  The  Navnet  data  are  used  to  estimate  UTl,  polar  motion 
and  nutation  for  inclusion  in  the  International  Earth  Rotation  Service  (lERS)  combined 
solutions. 

One  24-hour-duration  experiment  was  observed  in  September,  1988;  montlily  24- 
hour  Navnet  experiments  commenced  in  April,  1989,  and  all  of  the  weekly  Navnets  have 
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been  24  hours  in  duration  since  June  27,  1989.  At  present,  one  24-hour  Navnet 
experiment  is  scheduled  every  week  using  at  least  three  of  the  Rorida,  Alaska,  Hawaii 
and  West  Virginia  antennas.  These  data  are  reduced  and  released  to  NEOS  and  the  lERS 
on  a  regular  basis;  typical  processing  times  are  now  on  the  order  of  8  to  14  days  from  the 
acquisition  of  data  to  release  of  the  final  Earth  orientation  results. 

The  Navnet  VLBI  data  are  acquired  using  the  Mark  III  VLBI  data  acquisition  system 
as  described  by  Clark  et  ai  (1985).  The  Navnet  VLBI  data  have  all  been  correlated  at  the 
Washington  Correlator  and  reduced  and  processed  using  the  GSFC  Calc  and  Solve 
computer  program  package.  After  correlation,  fringe  fitting,  and  the  removal  of  any 
remaining  bandwidth  synthesis  delay  ambiguities,  the  data  are  used  in  a  series  of 
weighted  least-squares  solutions  to  define  a  Navnet  VLBI  reference  frame  and  to  estimate 
the  Earth  orientation  within  that  reference  frame.  The  data  are  processed  with  EERS 
standard  models  to  the  maximum  extent  possible  (see  lERS  Technical  note  number  3). 
Unmodeled  variations  in  the  tropospheric  propagation  delays  and  the  relative  time  offset 
between  the  station  clocks  are  a  significant  source  of  error  in  geodetic  VLBI.  The  surface 
pressure,  temperature  and  relative  humidity  are  recorded  at  each  station  and  used  to 
estimate  the  variations  in  the  hydrostatic  zenith  tropospheric  propagation  delay.  Further 
variations  in  these  quantities  are  treated  by  the  estimation  of  piecewise  linear  models 
directly  in  the  least  squares  solutions.  A  new  piecewise  linear  function  is  introduced 
every  60  minutes  for  the  zenith  tropospheric  propagation  delay  and  every  90  minutes  for 
the  station  clocks. 

II,  The  Navnet  Radio  Reference  Frame 


An  attempt  is  made  to  align  the  Navnet  reference  frame  as  closely  as  possible  with  both 


Right  Ascension  in  hours 

Figure  1  :  The  location  in  the  sky  of  the  sources  currently  used  in  Navnet 
operations.  ITie  primary  sources  used  in  the  comparison  with  the  GSFC  GLB  353 
catalog  are  indicated  with  crosses,  other  sources  with  open  circles.  The  ecliptic 
and  the  galactic  equator  are  denoted  by  the  solid  and  dashed  lines,  respectively. 
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the  tenestrial  and  celesdal  reference  frames  maintained  by  the  lERS,  and  to  minimize 
bias  offsets  between  the  Navnet  Earth  orientation  parameter  estimates  and  those  of  the 
lERS  combined  solutions.  Due  to  software  limitations,  the  Navnet  reference  frame  is 
obtained  from  the  USNO  VLBI  data  in  a  two  solution  process.  In  the  first  solution,  the 
lERS  Rapid  Service  (Bulletin  A)  estimates  of  the  UTl  and  polar  motion  arc  treated  as  a 
priori  measurements  and  the  nutation  in  longitude  and  obliquity  is  fixed  at  the  lERS 

Rapid  Service  values,  while  the  Right  Ascension  (a)  of  the  source  2216-038  is  fixed  at 
the  value  given  in  the  lERS  combined  celestial  reference  frame  for  1989  (R(IERS)  89  C 
01).  All  other  source  coordinates,  and  all  of  the  station  coordinates  except  for  the 
Richmond  station,  were  adjusted  in  this  solution.  The  purpose  of  this  solution  is  to  align 
as  closely  as  possible  the  Navnet  celestial  reference  frame  with  the  celestial  pole  implied 

by  the  EERS  nutation  series.  The  coordinates  of  two  sources,  0202+149  (in  both  a  and 

Declination,  5)  and  0742+103  (in  8  only)  are  then  fixed  in  a  second  solution  to  the  values 
obtained  in  the  first  solution.  Tliis  second  solution  globally  adjusts  the  coordinates  of  all 
of  the  other  sources  and  all  of  the  station  coordinates  except  for  the  Richmond  station, 
together  with  a  separate  adjustment  for  UTl,  Polar  Motion,  both  components  of  nutation 
and  piecewise  linear  clock  and  troposphere  models  for  each  experiment.  The  lERS  Rapid 
Service  estimates  for  UTl  and  polar  motion  are  used  as  a  priori  measurements  with 
weights  as  given  by  the  lERS  formal  errors,  but  the  two  components  of  nutation  are 
estimated  freely  for  each  observing  session.  The  position  of  the  Richmond  station  at  the 
epoch  1988.0  is  fixed  at  the  value  given  by  the  ITRF-88  for  that  epoch,  and  all  stations 
are  required  to  move  at  the  AMO-2  rate.  The  USNO  reference  frame  1990-5  (lERS 
designation  RSC  (USNO)  90  R  05)  was  obtained  from  such  a  solution  using  all  of  the 
Navnet  VLBI  data  from  67  24-hour-duraiion  observing  sessions  from  September  10, 
1987,  through  September  20,  1990;  this  solution  used  a  total  of  29216  observation  pairs 


<3  Right  Ascension  in  Hours 

pi 

Figure  2  :  Right  Ascension  Residuals  as  a  function  of  Right  Ascension 
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(delay  and  delay  rate)  with  a  weighted  rms  residual  scatter  of  ±49.7  picoseconds  for  the 
delay  data  and  ±  104.2  femtoseconds  per  second  for  the  delay  rate  data.  A  total  of  84 
sources  have  been  observed  by  the  Navnet  program;  four  radio  sources  (3C84,  3C273B, 
3C345  and  3C454.3)  were  judged  to  have  too  much  source  structure  to  be  usable  for 
geodetic  work  and  are  no  longer  routinely  observed;  these  sources  were  treated  as  "arc" 
parameters  in  the  solution,  with  a  separate  position  being  estimated  for  each  experiment 
in  which  they  were  observed.  The  Navy  1990-5  celestial  reference  frame  thus  consists  of 
the  positions  of  80  radio  sources,  including  the  two  reference  sources,  68  sources  with 
formal  uncertainties  of  less  than  one  mas  in  both  components  of  position  (“primary” 
sources),  and  10  others  with  worse  position  estimates.  The  distribution  of  these  sources  in 
the  sky  is  shown  by  Figure  1. 

III.  Comparison  of  Independent  Radio  Reference  Frames 

Several  groups  have  derived  Radio  Interferometric  reference  frames  using  VLBI 
observations  from  transcontinental  and  intercontinental  baselines,  (see,  e.g.,  Robertson 
et  al.,  1986,  Sovers  et  ai,  1988,  and  Ma  et  ai,  1990).  Reference  frames  derived  from 
modern  VLBI  observations  usually  claim  positional  uncertainties  on  the  order  of  0.1  to  1 
mini  arc  seconds  (mas).  Robertson  et  al.  (1986),  using  a  variety  of  internal  repeatability 
checks,  showed  that  the  precision  (but  not  necessarily  the  accuracy)  of  the  Mark  III 
derived  NGS  catalog  is  in  the  order  of  0.5  mas  or  less.  Sovers  et  ai  (1988)  and  Ma  et  al. 
(1990)  compared  catalogs  derived  from  Mark  III  observations  with  a  catalog  from  the 
less  sensitive  JPL  geodetic  Mark  II  system  and  found  root  mean  square  (rms)  agreement 
at  the  2  mas  level.  Sub  milli  second  of  arc  agreement  has  been  found  between  various 
GSFC  and  NGS  catalogs  (see,  e.g.,  the  EERS  Annual  Reports  for  1988  and  1989),  but 
these  catalogs,  although  independently  processed,  share  a  considerable  amount  of 
common  data  (all  of  the  NGS  IRIS  data  are  used  in  the  GSFC  solutions),  and  thus  these 
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Figure  3  :  Declination  Residuals  as  a  function  of  Declination 
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comparisons  are  not  a  true  measure  of  the  accuracy  of  these  catalogs  (Arias  et  al.  1988). 

Recently,  Ma  et  al.  (1990)  published  a  catalog  based  on  previous  GSFC  and  NGS 
geodetic  observations  plus  tlie  first  results  of  a  GSFCTNRL/USNO  program  to  determine 
a  dense  celestial  reference  frame  using  radio  sources  with  optical  counterparts.  This 
catalog,  denoted  GLB  353,  contains  estimates  of  the  positions  of  182  sources  including 
62  of  the  68  primary  Navnet  sources.  The  GLB  353  positions  were  subtracted  from  the 
Navy  1990-5  positions  and  an  arbitrary  rotation  offset  removed  by  estimating  the  Al,  A2 
and  A3  parameters  described  in  Arias  et  al.  (1988).  The  agreement  in  a,  shown  in  Figure 
2,  was  excellent,  with  an  nns  scatter  of  only  0.46  mas  after  scaling  the  a  residuals  by  the 
cosine  of  the  declination,  and  ven'  little  evidence  for  systematic  (non-randonO  patterns  in 
the  residuals.  The  scatter  in  the  o  residuals  is  larger,  with  an  rms  value  of  0.97  mas.  The 
scatter  (Figure  3)  clearly  increases  towards  lower  declinations,  probably  a  result  of  the 
smaller  coverage  in  hour  angle  available  for  those  sources  from  a  network  in  the 
Northern  hemisphere.  The  correlation,  -  0.25,  between  the  a  and  5  residuals  is  small  and 
not  significant. 

The  scatter  between  the  Navy  1990-5  and  the  GSFC  GLB  353  source  positions, 
although  small,  is  significantly  larger  in  both  components  than  would  be  expected  on  the 
basis  of  the  formal  errors  provided  by  the  wo  solutions.  This  effect  was  modeled  by 
estimation  of  a  constant  additive  variance;  separate  constants  were  estimated  for  the  a 
residuals  and  8  residuals.  The  square  root  of  these  constants  (the  “additive  noise”)  is  0. 1 
mas  for  the  a  residuals  (again  scaled  by  the  cosine  of  the  declination)  and  0.55  mas  for 
the  5  residuals.  The  larger  additive  noise  required  for  the  6  residuals  is  associated  with 
the  increased  residual  scatter  at  declinations  less  than  10®,  and  may  be  related  to  failures 
in  the  adopted  troposphere  propagation  delay  model  at  low  elevation  angles,  since  the 
sources  in  the  extreme  South  must  be  observed  at  low  elevation  angles  from  networks  in 
the  Northern  hemisphere. 

IV.  Conclusions 

The  Navnet  celestial  reference  frame  agrees  with  independent  radio  source  position 
estimates  at  the  level  of  one  milli  second  of  arc  in  declination  and  one  half  milli  second 
of  arc  in  right  a.scension.  There  is  evidence  that  the  models  and  procedures  currently 
used  may  not  be  adequate  at  low  declinations.  The  Navnet  program  continues  to  acquire 
weekly  measurements  and  thus  the  Navnet  observations  will  play  an  increasingly 
important  role  in  the  determination  of  the  celestial  radio  reference  frame. 
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ON  THE  DETERMINATION  OF  AN  ASTROMETRIC  CENTER  OF  A  QUASAR^ 
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ABSTRACT.  The  influence  of  optical  structure  of  compact  extragalactic 
radio  sources  on  the  definition  of  their  centroids  is  discussed. 
Numerical  calculations  are  performed  using  4C  31.63  as  an  example.  The 
results  show  that  the  presence  of  the  underlying  luminous  galaxy  does 
not  lead  to  an  unusual  decrease  of  the  accuracy  in  the  optical 
astrometric  measurements. 
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ABSTRACT.  By  means  of  the  world  function  an  approximate  transformation 
showing  the  Riemann  tensor  between  the  Fermi  coordinates  associated  to 
two  non-rotating  local  reference  frames  .‘.s  derived  in  a  General 
Relativistic  space-time.  One  of  the  observer’s  world  lines  is  resticted 
to  be  a  time-like  geodesic  of  the  space-time,  and  the  other  is  a  time¬ 
like  curve  of  a  general  character.  The  space-time  where  the 
transformation  is  evaluated  is  supposed  to  be  of  small  curvature,  and 
the  calculations  are  carried  out  in  a  first  order  of  approximation  with 
respect  to  the  Riemann  tensor. 


1.  Introduction 

The  technique  based  on  the  world  function  can  be  found  in  Synge  (1960). 
The  transformation  is  derived  in  three  steps:  first,  under  the 
restrictions  of  this  technique  a  general  transformation  is  obtained. 
Next,  the  small-curvature  hypothesis  on  the  space-time  is  applied;  and 
finally,  the  hypothesis  of  quasi-parallelism  between  the  base  lines  of 
the  reference  frame-  is  applied  to  derive  the  result. 


2.  General  Transfornration 


Denoting  by  IT  a  time-like  curve  and  by  F  a  time-like  geodesic,  both 
in  a  region  N  where  the  cited  technique  can  be  used;  parametrizing 
these  base  lines  with  the  afin  parameters  s  and  s’,  so  that  A  and  D 

i 

represent  two  generic  points  in  II  and  F  respectively;  denoting  by  n  * 
1 

and  n  the  unit  tangent  vectors  of  II  and  F  at  A  and  D  respectively;  and 
finally,  denoting  by  E(A)  and  Z(D)  the  hypersurfaces  of  N  defined  by 

i  j 

E(A):=  {P  6  yV  /  n^  n  (AF)  =  0}  ,  Z(D):=  (Q  e  /  n^  G  “(DQ)  =  0} 

A  D 
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then  the  Fermi  coordinates  of  a  point  B  e  E(A)  n  Z(D)  can  be  written  in 
terns  of  the  world  fvmction,  Q,  in  the  following  way  :  First,  with 

respect  to  the  base  line  11  and  to  the  tetrad  Fermi  transported 

along  IT,  which  we  shall  denote  by  x^‘*^(B)=x,  ,(B),  x^^^(B)=-x,  fB)=s,as 

(CC)  (4) 

and  second,  with  respect  to  the  geodesic  line  F  and  the  parallel 

transported  tetrad  along  F  , which  will  be  denoted  by  x’^°^^{B)  = 

X’  (B),  x'‘*’(B)=  -  X’  (B)  =  s’,  as 
(<X}  (4) 


=  = 

D 


r(4) 


where  fl  and  n  are  the  covariant  derivatives  of  n  with  respect  to  A 
and  D  respectively. 

In  order  to  obtain  the  relationship  between  the  Fermi  coordinates 
[x  (B),x,^  (B)]  and  [x’  (B),x’  fB)]  we  consider  the  point  C, 

vOC)  (4)  (OC)  (4) 

intersection  of  S(A)  and  F,  and  it  is  supposed  that  X,  (C)  L=  -As’. 

Then,  by  using  the  two  solutions  for  the  geodesic  triangles  ADB  and  ACD, 

and  the  parallel  propagator  ,  g  ,  applied  to  the  tetrad  X*  ,  we 

‘a^d  ® 

have 
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and  gj“  g''  Xj  =  L™  x;“,.  provided  that  and  P^^  are 

parametrized  so  that  ^  takes  the  values  0  at  B,  and  1  both  at  A  and  D, 
and  that  F  and  F  are  parametrized  so  that  0  =  0  at  C,  and  0  =  1  at 
A  and  D. 


3.  Approximation  by  small  curvature 


By  introducing  the  hypothesis  that  at  any  point  P  of  the  hypersurfaces 
S(A)  and  2(D)  the  Riemann  tensor,  R  ,  and  its  covariant  derivatives 

1  Jk  I 

are  small,  of  the  first  order,  or  0^  ,  and  denoting  by  0^  second-order 
smalles  with  respect  to  the  Riemann  tensor,  we  obtain 


+  -—  K 

2  1  (ttbyS) 


[x‘^’(C)lJ  [x‘^’(C)|J  As’  +  lI”;  x‘^’(B)L  ) 

A  A  (4)  (a)  'U 


*  -T  I'l',  -  +,  <*“>1  4-  'i  ■  'f’k  >‘m 

A  A  D  D 

I  S  k  k 

+ -4-  ((i)/(ABD)  -  d)  *(ACD)]  (-n  °(BD)A,  ,  (BA)  ]+0 

4  'k  'k  (a)  1  i  "^(a)  2 

DO  A  A 


where 


1  (abyS)  2 


-fd-a-  )cr  S,  -  d<r  .  K  ,  =  -  — [(l-o-  )(r  S 

J  11  (abjA)  1  2  (ab44)  2  J  2  2 


cKT 

(ab44)  2 


the  first  integral  being  taken  along  the  geodesic  F  ,  the  second  along 

AC 

the  geodesic  F^^  (  being  the  symmetrized  Riemann  tensor)  and 

(})(ABD)  =  (})^(ABD)  +  (|)j(ABD)  +  (|>^(ABD)  +  0^ 

(})^(ABD)  =  3k^J  (1-0^  dC  I  ^((u^-u)^+(u-Uj)^]{1122}du 
0 

<{)  (ABD)  =  2k^f  C(l-C)^  dC  f  2(u  -u)^{11221}  +  3  (u  -u)^(u-u  ){11222} 

*  ‘'O  u  ^  2  1 

2  ^  3 

+  3(u-u)(u-u)  (22111)  +  2(u-u  )  {22112})du 
2  1  1 
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(}>2(ABD)  =  ik^f  dC  J  ^[{u2-u)^{112211}+4(u2-u)'^(u-u^){112212} 

•'  0  u 

1 

+3(u  -u)^(u-u  )^({112222}+{221111}) 

2  1 

+4(u-u)(u-u  )^{221121>+(u-u  )^{221122}]du  ,  k"^=  u  -u 

2  1  1  2  1 

with  a  similar  expression  for  (})(ACD),  where 

{1122.  .  .}=  S,  .  [X‘*’(C)|J  [X“’’(C)|,]  [X‘'^^D)|,]  [X^^’CD)!,]  [...] 

(abed)  A  A  A  A 


4.  Approximation  by  quasiparallelism 

ic  ‘x 

Denoting  by  U  the  tangent  vector  to  the  geodesic  T  at  C,  by  U  the 

tangent  vector  to  II  at  A,  and  introducing  the  hypothesis  of 

quasi-parallelism,  i.e. , 


lip  1 

g^U  A,  ,  =u*A,  ^  +0 

(a)l  (a)i.  1 

C  A  A 


then  the  final  transformation  reads 


1 


x’  „  (B)  =  [1*“*^  +  K  ]  As’ 

(|3) '  ^  (a)  ^  (a)  1  (a4)  ^ 


k 

+  -J—  [({>/  (ABD)]  [x’_  (B)  ■ 

4  (|3) 


w,-  i 

D 

k 

(a) 

(B) 

•  X  (B)  a‘^^ 

(S) 

k 

(y)  1 

A 

(a) 

(/3) 

+  0, 

where 


K  = 
1  (a4) 


—  K 

2  1 (a4y5) 


x‘^’(C)x‘^’(C) 


•^(0/3) 


K 

1 


{apyd) 


x‘^’(C)x'^’(C) 


and  L  =  1  +  0  . 

2 

This  transformation  is  ready  to  input  the  value  of  the  Riemann  tensor 
evaluated  on  the  accelerated  observer  and  the  behaviour  of  the  two 
reference  frames  as  characteristics  derived  from  their  particular 
selection  and  from  the  dynamical  model  to  be  chosen. 
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LATERAL  IMAGE  PZT.  DESCRIPTION  AND  OPERATING 
METHOD 
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ABSTRACT.  Wc  faced  the  problem  of  designing  and  building  a  Photographic  Zenith  Tube  with 
mercury  basin  and  lateral  plate-holder  system  providing  enough  accuracy  to  allow  the 
determination  of  astronomical  coordinates,  lliis  instrument  is  intended  to  work  as  a  prototype  of 
a  bigger  and  more  accurate  one  to  be  designed  and  developed  in  the  future  (Lopez  ,  A.  et  al:. 
1983). 

From  the  beginning,  we  thought  to  make  use  of  the  scheme  and  the  operating  method  of  a 
classical  PZT  (Markowitz,  W.:  1969),  although  we  arc  aware  of  other  new  designs  (Kiihnc,  C.: 
1978).  The  design  of  a  classical  PZT  is  easy,  from  a  theoretical  point  of  view,  but  any 
modification  of  that  design  must  keep  the  optical  principle  on  which  it  is  based.  Holding  up  this 
principle  was  our  first  problem  because  the  PZT  lens  is  designed  with  an  outer  nodal  point  on 
which  the  photographic  plate  is  situated.  This  does  not  allow  the  use  of  normal  objectives,  which 
generally  have  the  two  nodal  points  inside.  Our  design  is  based  on  the  idea  of  avoiding  this 
inconvenience.We  use  a  pl^n  mirror  placed  near  the  objective  that  deflects  the  light  of  a  zenith- 
star  in  such  a  way  that  the  image  of  the  second  nodal  point  is  located  in  the  lateral  of  the  system, 
where  we  place  the  photographic  plate.  Moreover,  the  design  has  the  advantages  of  easy 
focusing,  adjustment  and  levelling,  and  we  can  use  it  visually  as  well  as  photographically. 

As  the  main  function  of  this  instrument  is  intended  to  be  similar  to  classical  PZT,  we  have 
preserved  the  same  operating  method  of  it. 
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DIGITAL  IMAGE  PROCESSING  IN  THE  ANALYSIS  OF 
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ABSTRACT.  In  this  paper,  we  display  an  improvement  to  our  process  of  semi-automatic  mca'uriiig  of 
astrometric  plates,  in  which  the  photometric  sensor  is  substituted  by  a  CCD  system  of  image  gi.,aing  and 
digitalization.  The  advantages  of  this  method  are  analyzed  taking  into  account  the  possihititles  of  the 
image  analysis  in  the  space  and  frequency  domain. 


1.  Introduction 

In  the  Astronomical  Observatory  of  Valencia  we  have  a  program  of  selected  minor  planets 
observations  since  1984.  To  this  aim  we  have  developed  botli  the  photographic  equipment  and 
the  mechanical  and  electronic  devices  for  plate  measuting  as  well  as  the  software  support  to 
whole  process.  The  optical  system  includes  an  ocular  and  photoelccuric  photometer  heading. 

Once  two  stars  (El  and  E2)  have  been  selected,  the  several  expositions  observed  and  the 
sequence  of  the  objects  to  be  measured  defined,  the  process  of  measuring  in  each  j>3sition  of  the 
plate-holder  is  automatic.  The  process  is  repeated  after  a  turn  of  180°  of  tl;c  plate-holder. 

An  automated  position  measure  is  applied  for  each  star  and  for  the  n.inor  planet.  It  includes 
reading  local  plate  background  transparency,  an  approximate  and  fine  centering  and  the 
automatic  measuring  process  of  each  image. 

As  the  separation  of  the  two  or  three  expositions  of  the  objects  is  about  0.3  to  1  mm,  all  the 
images  cannot  be  seen  in  the  ocular  field  (1  mm  wide)  at  the  same  time,  making  tedious  star 
finding  and  centering,  and  ca-sy  to  gel  in  troubles  in  tlie  full  process. 

Details  of  the  measure  process  are  shown  in  (Lopez  ,  A.  et  al.:  1988),  (Lopez  ,  A.  et  al.\ 
1990)  and  (Lopez ,  A.  etai:  1989a). 

In  this  paper  we  present  the  new  process  of  image  detection  ai.d  identification,  giving 
better  results  and  being  easier,  quicker  and  more  robust  than  the  previous  one  with  the 
photometer. 

2. -  CCD  Image  detection 

An  alternate  centering  process  reading  all  the  pixels  around  the  image  with  a  two  dimensional 
sensor  (CCD  camera  plus  digitizer  board)  and  getting  the  center  of  transmitted  light  has  given 
better  results,  as  shown  in  (Lopez ,  A.  et  al:.  1989b). 
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From  that,  several  changes  have  been  applied  in  order  to  improve  the  plate  measuring 
process. 

The  binocular  reading  head  has  been  substituted  by  a  small  CCD  camera  and  a  digitizer 
board  on  the  computer,  so  that  the  field  contsuning  the  several  exposures  can  be  seen  on  the 
screen,  the  pixels  in  a  windov/  around  the  images  read  and  the  image  positions  detected. 

The  plate  measuring  process  begins  with  the  centering  of  the  two  initial  stars  on  the  screen 
(3x4  mm  across)  (Fig.  1). 

The  scale  and  tilt  of  the  CCD  camera  versus  the  microscope  X,Y  screws  are  obtained  by 
making  movements  of  the  first  image  of  El  and  deteimining  its  position  over  four  cross  small 
windows. 

The  expositions  of  El  and  E2  are  measured  in  a  small  central  window  and  the  relative 
position  of  the  images  is  determined  for  every  object  to  be  measured. 

The  sequence  of  stars  and  asteroid  is  delink  and  the  measure  process  begins. 

3.-  Digital  image  analysis 

For  each  object  (star  and  asteroid)  the  detection  process  is  global,  including  all  the  expositions  at 
the  same  time. 

Our  purpose  is  to  get  positions  of  all  images  relative  to  the  camera  field  center  in  a  way  as 
fast  ■;id  sure  as  possible  working  in  a  real  time  process.  So,  applied  steps  are  simple  and 
efficient. 

A  central  window  is  defined  including  all  the  images  of  the  object  (Fig.  2).  As  we  measure 
the  plates  in  two  opposite  positions,  the  window  is  elongated  in  the  horizontal  direction  of  screen, 
as  the  several  images  of  the  object  appear. 

The  window  is  divided  into  10x6  squares  with  ten  by  ten  pixels  each,  and  the  images  are 
identified  by  the  signal  detected  in  these  squares.  As  the  size  of  the  squares  is  similar  to  the 
images  diameters,  each  image  will  give  positive  signal  at  least  in  one  or  two  adjacent  squares, 
side  by  side  or  in  diagonal.  Other  spurious  maiks  of  the  plate  will  active  squares  isolated  or  in 
irregular  chains  (Fig.  3). 

The  process  of  identifying  and  measuring  the  stellar  images  is  the  following: 

1. -  The  maximum  and  minimum  pixel  signal  inside  the  window  described  above  arc 
determined. 

2. -  In  each  square  the  pixels  with  signal  below  a  threshold  give,  when  added,  the  square 
signal  value.  The  greatest  value  is  needed  to  select  the  active  squares. 

3. -The  connectivity  of  active  squares  is  determined,  classifying  them  into  isolated  and 
chained. 

4. -  For  the  chained  squares,  an  analysis  is  made  and  the  members  of  each  group  are 
determined. 

5. -  All  the  active  groups  are  measured  again,  determining  the  X,Y  coordinates  of  its  light 
center. 

6. -  A  small  square  window  is  defined  around  this  center  and  the  final  X,Y  position 
determined.  Some  other  parameters  can  be  obtained  if  necessary  (brighmess,  shape,  orientation, 
etc)  (Fig.  4). 

7. -  The  identification  of  active  groups  with  object  images  is  the  final  step  of  this  process. 
For  tliat,  we  compare  the  X  and  Y  distances  of  the  several  expositions  with  the  theoretical  values 
calculated  from  El  and  E2  (Fig.  5). 
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4. -  Future  improvements 

We  will  also  apply  other  routines  to  special  problems  involved  in  our  minor  planets  work, 
specially  when  the  asteroid  image  is  very  weak.  Masks  and  Fourier  analysis  techniques  will  be 
investigated  and  applied  in  this  context  in  the  next  future. 

The  use  of  masks  in  the  previous  analysis  of  images  is  extended  and  digitizer  boards 
hardware  and  software  have  many  possibilities.  Nevertheless  the  use  of  masks  is  dangerous  as  it 
modifres  the  real  structure  of  signals. 

It  will  be  possible  to  identify  the  object  images  structure  in  the  frequency  domain 
comparing  its  principal  components  with  the  Fourier  coefficients  of  the  theoretical  positions,  size 
and  shape  of  the  object  images,  although  the  measure  process  time  will  increase  substantially 
(Gonzalez,  R.C.;  Wintz,  P.,  1987). 

5. -  Conclusions 

This  method  of  identifying  and  measuring  image  positions  in  the  context  of  astrometric  plates, 
improves  substantially  the  results  of  our  previous  photometric  measuring  process. 

It  can  by  extended  to  other  similar  problems  such  as  the  measure  of  PZT  plates  and 
astronomical  plates  in  general. 

Major  astronomical  image  processing  sy.stems  (MIDAS,  IRAF,  INVENTORY,  COSMOS, 
etc)  include  many  commands  that  can  perform  the  analysis  described  here  (Munagh,  F.:  1989). 

Nevertheless,  we  think  it  is  better  in  our  work  to  develop  a  special  software,  that  will  be 
improved  in  the  next  future,  in  order  to  extend  the  confidence  of  the  full  process  of  measurement 
of  astrometric  plates. 
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Fig.  1.-  Visible  plate  field  in  the  CCD  camera  Fig.  2.-  Central  window  where  the 

analysis  is  performed. 


Fig.  3.-  Squares  with  active  transmitted  light 
signal. 


Fig.  4.-  Result  of  the  active  groups 
re-centering  process. 


Fig.  5.-  Object  images  finally  identified. 
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ABSTRACT 

One  of  the  main  problems  in  positional  astronomy  is 
determining  the  equator  and  vernal  equinox  of  the 
reference  system. 

In  this  paper  we  display  a  method  of  amendment  of 
minor  planets  elements  taking  into  account  the  pertur¬ 
bations  in  the  coefficients  of  the  equations  of  condi¬ 
tion,  also  including  the  corrections  of  the  vernal  equi¬ 
nox  and  obliquity  in  the  fitting. 
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ABSTRACT.  The  stability  of  the  Terrestrial  Reference  Frame  (TRF)  is  studied  by  analyzing  divergences 
of  independently  determined  Earth  rotation  series.  These  series,  which  have  been  (nominally)  determined 
within  the  same  TRF,  are  found  to  differ  by  up  to  4.7  mas  in  bias  and  up  to  0.80  mas/yr  in  rate.  These  bias- 
rate  differences  could  reflect  errors  in  the  various  models  used  during  the  data  reduction  process. 


1.  Introduction 

A  Terrestrial  Reference  Frame  (TRF)  can  be  defined  as  a  right-handed  Cartesian  reference  frame  that  has 
been  tied  to  the  solid  Earth  in  some  prescribed  manner  (e.g.,  Kovalevsky  et  al.  1989).  It  is  realized  in 
practice  by  specifying  the  coordinates  of  a  number  of  globally  distributed  observing  stations.  On  a 
tectonically  active  body  such  as  the  Earth,  it  is  not  sufficient  to  just  specify  the  static  location  of  each 
station,  but  the  vector  velocity  of  each  site  must  be  specified  as  well.  As  the  tectonic  plates  move  about,  the 
positions  of  the  stations  located  upon  them  will  change.  This  change  in  station  position  must  be  taken  into 
account  when  defining  the  TRF  in  order  for  it  to  be  stable  and  not  drift  with  the  stations. 

The  locations  of  the  observing  stations  are  principally  determined  by  the  modern  space-geodetic 
techniques  of  Very  Long  Baseline  Interferometry  (VLBI),  Satellite  Laser  Ranging  (SLR),  and  Lunar  Laser 
Ranging  (LLR).  In  addition  (e.g,,  Lambeck,  1988),  these  techniques  can  determine  the  orientation  of  the 
Earth  in  space,  as  well  as  the  locations  of  the  laser  reflectors  (in  the  case  of  SLR  and  LLR),  or  the  locations 
of  the  radio  sources  (in  the  case  of  VLBI).  Each  such  solution  for  the  time-dependent  station  locations 
and/or  Earth  rotation  parameters  defines  its  own  Terrestrial  Reference  Frame.  These  solution-specific 
TRFs  can  be  offset  from  each  other  (exhibit  differences  in  bias)  and  can  drift  away  from  each  other  (exhibit 
differences  in  rate)  even  though  each  analysis  center  has  followed  the  procedures  and  used  the  constants 
recommended  by  the  International  Earth  Rotation  Service  (lERS;  McCarthy,  1989). 

These  differences  in  bias  and  rate  between  different  realizations  of  the  Terrestrial  Reference  Frame  are 
probably  largely  caused  by  errors  in  the  models  used  when  reducing  the  data.  For  example,  the  rate 
differences  are  likely  to  be  largely  caused  by  eirore  in  modeling  the  plate  tectonic-induced  motions  of  the 
observing  stations.  The  different  observing  techniques  (VLBI  SLR,  or  LLR)  use  different  sets  of 
observing  stations  that  are  located  on  different  subsets  of  the  tectonic  plates.  If  the  model  describing  the 
motions  of  the  tectonic  plates  is  not  accurate,  then  errors  in  modeling  the  plate  (and  hence  station)  motions 
are  likely  to  be  different  for  each  set  of  stations,  giving  rise  to  rate  differences  between  the  solutions. 

Differences  in  bias  and  rate  between  different  realizations  of  the  Terrestrial  Reference  Frame  can  give 
rise  to  differences  in  bias  and  rate  between  different  solutions  for  the  Earth  rotation  parameters  that  have 
been  determined  within  the  different  realizations  of  the  TRF.  In  this  paper,  the  stability  of  the  Terrestrial 
Reference  Frame  is  studied  by  analyzing  the  divergences  of  independently  determined  Earth  rotation  series. 
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TABLE  1.  DATA  SETS  STUDIED 


DATA  SET 

NAME 

DATA 

TYPE 

ANALYSIS 

CENTER 

DATA 

SPAN 

NUMBER 

POINTS 

PLATE 

MODEL 

LLR  (L1707;  A<1).  UTO) 

McDonald  2.7m 

LLR 

JPL 

4/15/70  -  6/29/85 

810 

AMO-2 

McDonald  LRS 

LLR 

JPL 

3/2/85-  1/27/88 

35 

AMO-2 

McDonald  LRS  (New  Site) 

LLR 

JPL 

3/28/88-  12/9/89 

20 

AMO-2 

CERGA 

LLR 

JPL 

4/7/84  -12/20/89 

271 

AMO-2 

Halcakala 

LLR 

JPL 

1 1/1 4,/84 -12/1 7/89 

105 

AMO-2 

TEMPO  (90  R  01;  T,V) 

CA  (12) -Spain  (63) 

VLBI 

JPL 

7/18/82-  8/25/84 

57 

AMO-2 

CA  (14) -Spain  (61) 

VLBl 

JPL 

9/19/82-  8/1/87 

42 

AMO-2 

CA  (14) -Spain  (63) 

VLBI 

JPL 

11/26/79-12/10/89 

142 

AMO-2 

CA  (15) -Spain  (63) 

VLBI 

JPL 

10/4/87-  7/8/90 

42 

AMO-2 

CA  (12)  -  Australia  (43) 

VLBI 

JPL 

7/2/82-  7/22/84 

58 

AMO-2 

CA  (14)  -  Australia  (42) 

VLBI 

JPL 

2/15/83-  9/20/87 

34 

AMO-2 

CA  (14)  -  Australia  (43) 

VLBI 

JPL 

10/28/78-  3/3/90 

170 

AMO-2 

CA  (15)  -  Australia  (43) 

VLBI 

JPL 

11/8/87-  7/9/90 

36 

AMO-2 

CDP(EOP.629) 

Multi-Baseline 

VLBI 

GSFC 

8/4/79-12/29/89 

700 

AMO-2 

Westford  -  Ft.  Davis 

VLBI 

GSFC 

6/25/81-  1/1/84 

103 

AMO-2 

NAVNET(NAVY  1990-2) 

Multi-Baseline 

VLBI 

USNO 

9/11/88-  2/21/90 

38 

AMO-2 

CSR(89L02;  PMX,  PMY) 

SLR 

U.  Texas 

5/15/76-  1/3/89 

970 

AM  1-2 

2.  Approach 

Some  particulars  about  the  independently  determined  Earth  rotation  data  sets  chosen  for  this  study  arc 
given  in  Table  1.  Each  series  listed  was  chosen  because  it  has  been  obtained,  at  least  nominally  in  rate, 
within  the  same  Terresuial  Reference  Frame,  namely  that  one  determined  by  applying  (without  adjustment) 
the  plate  tectonic  motion  model  AMO-2  of  Minster  and  Jordan  (1978)  as  a  model  for  the  motions  of  the 
observing  stations.  Note  that  the  SLR  results  chosen  were  obtained  by  applying  (without  adjustment)  the 
plate  tectonic  motion  model  AMl-2  of  Minster  and  Jordan  (1978).  However,  these  SLR  results  can  be 
(and  have  been)  analytically  corrected  to  the  AMO-2  frame  by  applying  a  rate  adjustment  of  -0.52  milli- 
arcscconds  per  year  (mas/yr)  to  the  x-componenl  of  polar  motion  (PMX),  and  of  -0.24  mas/yr  to  the  y- 
component  (PMY;  lERS  Annual  Report  for  19S9,  pp.  11-26).  Also  note  that  the  SLR  UTl  results  were  not 
used  in  this  study  due  to  problems  associated  with  separating  this  component  from  the  effects  of 
unmodcllcd  forces  acting  on  the  satellite  causing  the  node  of  its  orbit  to  chtuigc. 

These  chosen  Earth  rotation  data  sets  have  been  intcrcomparcd  in  order  to  determine  bias  and  rate 
corrections  needed  to  be  applied  to  each  component  of  each  data  set  in  order  for  it  to  agree  (in  bias  and  rate) 
with  a  combination  of  all  the  other  data  sets.  At  the  same  time,  scale  factors  have  been  determined  that 
need  to  be  applied  to  the  stated  uncertainties  of  each  component  of  each  series  so  that  its  residual  (when 
differenced  with  a  combination  of  all  other  scries)  has  a  reduced  chi-square  of  one.  This  intercomparison 
has  been  done  in  an  iterative,  round-robin  fashion  in  which  each  series  is  compared,  in  turn,  to  a 
combination  of  all  others.  The  incremental  bias-rate  corrections  and  uncertainty  scale  factors  determined 
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TABLE  2.  ADJUSTMENTS  TO  DATA  SETS 


DATASET 

NAME 

BIAS 

(mas) 

RATE 

(mas/yr) 

UNCERTAINTY  (a) 
SCALE FACTOR 

LLR  (L1707;  AO.  UTO) 

AO  UTO 

AO  UTO 

AO 

UTO 

McDonald  2.7m 

-1.954  3.994 

— 

1.086 

1.199 

McDonald  LRS 

0.170  0.634 

— 

0.917 

1.687 

McDonald  LRS  (New  Site) 

-0.260  3.822 

— 

0.716 

1.001 

CERGA 

0.479  2.998 

0.328  0.650 

1.204 

1.104 

Haleakala 

-1.308  3.262 

0.801  0.269 

1.204 

1.192 

TEMPO  (90  R  01;  T,V) 

T  V 

T  V 

T 

V 

CA  (12) -Spain  (63) 

-1.877  4.293 

— 

1.240 

1.181 

CA  (14) -Spain  (61) 

-0.123  2.827 

— 

1.196 

0.991 

CA  (14) -Spain  (63) 

-0.344  2.109 

0.258  -0.524 

1.295 

1.144 

CA  (15) -Spain  (63) 

-0.879  1.193 

— 

1.021 

1.130 

CA  (12)  -  Australia  (43) 

-2.495  -4.004 

— -  — - 

1.142 

1.160 

CA  (14)  -  Australia  (42) 

-1.842  -3.651 

1.168 

1.143 

CA  (14)  -  Australia  (43) 

-1.767  -2.529 

0.103  -0.014 

1.456 

1.114 

CA  (15)  -  Australia  (43) 

-1.085  -4.028 

— —  — — 

1.139 

0.852 

CDP(EOP.629) 

T  V 

T  V 

T 

V 

Westford  -  Ft  Davis 

-0.947  -4.687 

— •  — • 

1.649 

1.021 

CDP(EOP.629) 

PMX  PMY  UTl 

PMX  PMY  UTl 

PMX  PMY  UTl 

Multi-Baseline 

1.402  -1.465  -1.616 

0.009  0.775  0.559 

1..567  1.540  2.181 

NAVNET(NAVY  1990-2) 

PMX  PMY  UTl 

PMX  PMY  UTl 

PMX  PMY  UTl 

Multi-Baseline 

0.971  -0.569  -1.475 

.  . 

1.278  1.436  1.274 

CSR  (89  L  02;  PMX,  PMY) 

PMX  PMY  UTl 

PMX  PMY  UTl 

PMX  PMY  UTl 

Satellite  Laser  Ranging  - 

■2.176  3.512  -- 

-0.025  0.412  -- 

0.838  0.835  -- 

REFERENCE  TIME  FOR  RATE  ADJUSTMENT  IS  1988.0 

during  each  iteration  are  applied  to  the  series  and  the  process  repeated  until  convergence  is  achieved,  which 
is  indicated  by  the  incremental  bias-rate  corrections  for  each  component  of  each  scries  converging  to  zero, 
and  the  uncertainty  scale  factors  converging  to  one.  Note  that  rate  corrections  were  obtained  only  for  those 
scries  spanning  a  great  enough  length  of  time  (and  having  enough  overlap  with  the  other  scries)  that  the 
determination  could  be  reliably  obtained. 

The  combination  and  intercomparison  is  done  using  a  Kalman  filter  approach  developed  at  the  Jet 
Propulsion  Laboratory  (JPL)  for  just  such  a  purpose  (Eubanks,  1988;  Morabilo  el  al.,  1988).  This  approach 
facilitates  comparing  and  combining  data  sets  of  disparate  quality,  sampling  rate,  and  data  type.  The 
comparison  is  done  (and  the  results  reported)  in  the  "natural"  reference  frame  for  each  data  type.  For  single 
station  LLR  results  this  is  the  variation  of  latitude  (Ad>),  UTO  frame.  For  single  baseline  VLBl  results  this 
is  the  transverse  (T),  vertical  (V)  frame  (Eubanks  and  Steppe,  1988).  For  multi-baseline  VLBl  and  SLR 
results  tills  is  the  usual  UTTM  (PMX,  PMY,  UTl)  frame. 
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3.  Results,  Discussion,  and  Conclusions 

The  results  obtained  by  this  approach  arc  shown  in  Tabic  2  which  gives  the  total  bias-rate  corrections  and 
uncertainty  scale  factors  that  must  be  applied  to  each  component  of  each  raw  data  set  in  order  for  all  the 
data  sets  to  agree  with  each  otJicr.  The  adjustments  to  the  bias  range  (in  absolute  value)  up  to  4.7  mas,  with 
an  average  (absolute)  value  of  2.0  mas  and  a  median  (absolute)  value  of  1.8  mas.  The  adjustments  to  the 
rate  range  (in  absolute  value)  up  to  0.80  mas/yr,  with  an  average  (absolute)  value  of  0.36  mas/yr  and  a 
median  (absolute)  value  of  0.33  mas/yr. 

For  each  baseline  of  the  single  baseline  VLB!  results,  the  bias  adjustment  to  the  vertical  component  of 
Earth  orientation  is  larger  (in  absolute  value)  than  the  adjusunent  to  the  transverse  component.  This  could 
be  reflecting  the  property  that  the  vertical  component  of  Earth  orientation  is  more  sensitive  to  errors  in  the 
models  affecting  the  local  vertical  position  of  the  station,  such  as  tropospheric  path  delay  effects, 
atmospheric  and  oceanic  loading  effects,  etc.  Also  note  that  for  each  LLR  station,  the  bias  adjustment  to 
the  UTO  component  is  greater  (in  absolute  value)  than  tlie  adjustment  to  the  Ad>  component.  These  results 
suggest  that  modeling  errors  (of  different  kinds)  arc  affecting  the  solution  for  the  Earth  rotation  parameters 
in  both  bias  and  rate. 

Thus,  in  summary.  Earth  rotation  series  that  have  been  determined  within  the  same  Terrestrial 
Reference  Fi^ame  have  been  found  to  differ  from  each  other  on  average  by  2.0  mas  in  bias  and  0.36  mas/yr 
in  rate.  All  of  the  series  studied  here  have  been  determined  by  modeling  station  velocities  using  a  global 
plate  tectonic  motion  model.  This  model  indicates  that  the  tectonic  plates  (and  hence  the  stations  located 
upon  them)  move  with  respect  to  each  other  by  up  to  about  4  mas/yr  (Minster  and  Jordan,  1978).  The 
divergences  of  the  Earth  rotation  series  found  in  this  study  are  likely  to  be  caused  (at  least  in  part)  by  errors 
in  modeling  the  motions  of  the  stations.  Thus  these  divergences  could  perhaps  be  reduced  by  applying  an 
improved  plate  tectonic  motion  model  (such  as  the  NUVEL-1  model  of  DeMets  et  ai,  1990)  or  by  directly 
solving  for  the  station  velocities  (c.g.,  Ma  and  Clark,  1990). 
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One  of  the  most  important  problems  of  modern  astrometry 
is  constructing  of  an  ideal  inertial  coordinate  system.  A 
bulk  of  up-to-date  star  catalogues  is  referenced  to  an 
equatorial  frame,  whicii  is  far  from  being  really  inertial. 
Some  attempts  were  made  to  remove  this  defect  by  excluding 
both  nutation  and  precession  in  right  asccntion  [Guinot 
1979,  Murray,  i990J .  This  proposal  seems  to  be  a  compromise 
between  the  existing  tradition  and  the  new  requirements  met 
by  the  modern  astrometry. 

Perhaps,  the  use  of  non-rotating  ecliptical  coordinates 
would  be  moi  e  pr'actical.  There  are  two  reasons  at  least 
supporting  this  idea.  First,  this  frame  xs  physically 
defined  much  better  than  the  equatorjal  one  due  to  a  pure 
knowledge  and  variability  of  the  great  number  of  parameters 
involved  in  tlie  Earth's  rotation.  Secondly,  many  basic 
problems  of  astronomy  and  astronautics  deal  with  the 
ecliptical  coordinates  rather  than  the  equatorial  one.  Take 
for  instance  the  theories  of  the  orbital  motion  of  planets 
and  mincjr  selestial  bodies.  In  addition,  resent  space-borr. 
astrumetrical  instruments  pr'ovide  the  data  which  can  be  more 
conveniently  referenced  to  the  ecliptical  frame.  Furthemore, 
the  equatorial  plane  cannot  be  defined  in  principle  from  the 
extrater r esLi  ial  astrometric  measuremen ts ,  while  the 
ecliptical  plane  is  "peculiar"  because  of  its  connection 
with  the  heliocentric  or-bital  motion  of  the  observatur/. 
Note  that  historically  the  very  fir's t  star  catalogues  by 
Ftolemeufa  and  Hipparchus  did  use  the  ecliptical  coordinates. 
Thus,  what  we  propose  is  a  return  to  origin. 

The  central  idea  of  the  approach  considered  herein  is 
the  observability  of  the  ecliptical  piano  and  thus  tiie 
5 traightforward  availability  of  ecliptical  coordinates  of 
stars.  Practically,  one  can  do  it  by  Sa,mul  taneous 
obsei vations  of  stars  and  the  Sun.  A  location  of  a 
spaceurafL  carrying  the  astrometrica.'  ins  tr'uinentation  and 
oi  biting  around  tlie  Earth  may  be  determined  very  accurately 
by  means  of  radio  tracking.  Continuous  on-board  obserations 
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uf  Sun  provide  the  heliocentric  orbital  plane  of  the 
■spacecfa r t  (yeiierally,  it  is  quite  near  to  tite  ecliptical 
plcaie?>  Necessary  reductions  may  be  computed  I'roin  the  radio 
trac!  i.iy  data.  Following  this  way,  the  true  ecliptic  plane 
v/ill  be  defined.  There  is  lo  problem  to  reduce  it  to  the 
mean  ecliptical  plar.e.  Unlike  the  interrelation  between  the 
true  and  mean  equators,  it  may  be  easily  calculated. 

Ati  approach  described  will  be  implemented  in  REGATTA- 
ASTRO  project  of  Space  Research  Institute,  Moscow  [Avanesov 
ec  ai,  19903.  An  astrometric  module  will  be  mounted  onboard 
the  Small  Space  Laboratory  a  lightweight  spacecraft  rigged 
with  the  solar  sell  providing  the  attitude  mode  with  one 
spacecraft  a'/iis  permanently  pointing  the  Sun.  tne  spacecraft 
is  rotacing  slowly  (about  1  revolution  per  day;  around  this 
direction.  The  instrument  consist  of  four  rigidly  connected 
star  telescopes  and  a  solar  telescope  (Fig, I).  The 
asl )  uiiieUric  .i.odule  is  involved  into  the  complicated  angular 
motion.  Following  it,  the  field  of  view  of  the  star 
telescopes  sc  art  the  celestial  sphere  and  cover  it  totally 
during  half  of  /ear  (Fig. 2).  The  Sun  is  stayiny  permanently 
inside  t(ie  FOV  of  the  sol«ar  telescope.  An  attitude  mode  is 
high!/  benefit  for  the  constanty  of  temperatures  onboard. 
The  speicecraft  is  designed  in  a  way  minimizing  the 
perturbtny  torgues,  thus  providing  an  ejrtreinely  high  degree 
of  siiiootiiness  of  its  rotation.  The  choice  of  an  operating 
orbit  is  '  meeting  the  same  requirement  (it  is  so-called 
quasy-sateJ lite  orbit).  These  means  make  it  possible  to 
process  long  measure  arcs  and  achieve  a  significant  updating 
of  the  star  positions.  Tfie  a  priori  appraisals  forecast  the 
output  accuracy  of  the  ecliptical  star  positions,  proper 
motions  and  parallaxes  to  be  about  10  mas  for  approximately 
i  T/COOC-  s  tars . 

ill  addition  to  the  astrometric  program,  an  experiment  on 
the  solar  physics  is  planned  for  the  REGATTA-ASTRO  mission. 
It  includes  the  measurements  of  the  apparent  diameter  of  the 
solar  disc,  it  oblatnoss,  it  brightness  and  their  temporal 
variations  with  the  resolution  of  some  10  seconds.  The  level 
of  aci.uracy  will  overcome  the  ground-bas?  i  measurements  by 
order  of  magnitude  as  minimum.  The  resul  anticipated  may 
spi  fctid  light  on  problems  of  helioseismologv  - 

It  seems  to  be  evident  that  the  technical  implementation 
of  the  project  is  not  more  sophisticated  than  that  of  other 
spaceborn  experiments,  while  its  benefits  may  be  very 
significant.  For  e, sample,  the  informatior  of  the  solar- 
telescope  simplifies  greatly  the  data  processing  and 
cataiugue  compilation.  Besides,  the  wholn  procedure  of 
catalogue  orientation  may  be  excluded. 

1.  Guinot  B:  1979,  Time  and  Earth's  rotation,  lAU  Gymp.  82 

2.  Murray  C.A.:  1790,  Inertial  Coordinate  system  on  the  sky, 
lAU  Symp.  l^J. 

3.  Avanesov  G.  et  al;  1990,  Inertial  Coordinate  system  on 
tlie  sty,  I  At)  Synip.  141 
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ABSTRACT.  In  this  paper  the  corrections  of  positions  and  proper  motions 
(J2000)  of  FK4  were  obtained.  For  different  kinds  of  observational 
methods  the  formulae  of  calculating  the  influence  of  systematic 
differences  of  FK4  on  time  and  latitxKie  determinations  were  derived. 
The  influence  of  systematic  differences  on  the  miversal  time  and  polar 
coordinates  (1980-1988)  of  Chinese  Joint  System  (CJS)  and  the  global 
optical  solution  of  earth  orientation  parameters  (1987-1988)  were 
calculated  and  their  external  precisions  referred  to  BIH  or  lERS  were 
also  re-estimated. 


1.  Introduction 

Just  because  till  now  only  about  100  radio  sources  have  the  positions 
with  the  precision  of  1  mas  a  project  of  determining  the  positions  of 
400  or  more  radio  sources  is  being  carried  out  over  a  five  year  period 
starting  from  July  1987  (Johnston,R.J.  et  al.  1987).  It  is  Icnown  that 
the  connection  between  the  radio  and  optical  reference  frame  is  being 
studied  so  the  optical  reference  frame  FK5  is  still  used  in  many 
research  fields. 

The  stellar  positions  and  proper  motions  of  FK4  were  used  during 
1962-1988  for  time  and  latitude  determinations.  According  to  the 
observational  status,  the  influence  of  systematic  differences  of  PK4  on 
the  universal  time  and  polar  coordinates  (1980-1988)  of  Chinese  Joint 
System  (CJS)  and  the  global  optical  solution  of  earth  orientation 
parameters  (1987-1988)  should  be  considered. 


2.  Determinations  of  Systematic  Differences  Between 
FK5  and  FK4 

As  it  is  known  the  positions  and  proper  motions  of  FK4  are  referred  to 
the  equinox  and  equator  of  B1950.0.  By  means  of  the  formula  (McCarthy, 
D.D  1989)  those  are  changed  to  referred  equinox  and  equator  of  J2000. 

The  analytical  method  (Bien,  R.  et  al.  1978)  was  adopted  for 
calculating  the  systematic  differences  of  positions  and  proper  motions, 
corresponding  epoch  being  J2000,  between  FK5  and  FK4.  The  positions  eind 
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proper  motions  of  1535  and  1987  stars,  corresponding  to  fundamental  and 
supplement  stars  of  FK4,  v?ere  used  to  calculate  the  systematic 
differences  separately. 


3.  Influence  of  Systematic  Differences  of  Catalogue 
On  Time  and  Latitude  Determinations 

There  are  several  methods  for  time  and  latitude  determinations.  The 
influence  of  catalogue  systematic  differences  for  different  methods  are 
as  follows: 

transit  Au  Aa 

zenith  distance  measured  A4)  =  A6  (1) 

For  equal  altitude  method  if  the  observing  condition  is  assumed  that  the 
stars  are  homogeneous  distribution  along  the  equal  altitude  and  are 
observed  each  10° except  ±  15°aromd  meridian  Au  »  Aa  ,  AiJ>  *  cos  z  A6  , 
vrfiere  I  <<1 1  <=  40° 


4.  Influence  of  Systematic  differences  of  FK4  On  Determining 
Earth  Orientation  Parameters 

There  are  several  independent  joint  universal  time  system  such  as  BIH 
(before  1988),  Standard  Time  of  USSR  and  Chinese  Joint  System  (CJS). 

The  influence  of  systematic  differences  of  FK4  on  CJS  was  calculated 
during  1980-1988. Because  the  observing  range  of  declination  is  different 
for  transit,  astrolabe  etc.  the  systematic  differences  are  interpolated 
by  using  the  interpolating  factors  of  declinations  such  as 

<f>-10?  'J>-5?  ()i  ,  iJi+S?  +109  The  interpolating  factor  in  right 
ascension  will  be  0l)5,  l!)5...  etc.  according  to  the  observing  interval 
of  the  group.  The  systematic  difference  of  catalogue  for  the  observing 
group  is  obtained  from  edl  systematic  differences,  which  are  reduced  the 
proper  motions,  in  observing  range  of  declination  and  right  ascension. 

By  using  the  pratical  weight,  v^ich  equals  /N  P,  the  influence  of 
systematic  differences  of  FK4  on  the  universal  time  of  CJS  during 
1980-1988  v’ere  obtained  and  drawn  in  Fig.l.  After  reduction  of  the 
systematic  differences  of  FK4,  the  precisions  referred  to  BIH  and  lERS 
were  re-estimated  and  are  listed  in  Table  1. 

It  can  be  seen  that  the  precision  of  universal  time  of  CJS  in  1988  is 
not  inproved  because  of  the  less  observations  made  with  seven 
instruments. 

By  using  the  Orlov  method  the  instantaneous  coordinates  are  obtained 
with  the  observations  of  single  station.  The  instantaneous  polar 
coordinates  referred  to  the  mean  pole  of  the  epoch  were  used  in  CJS.  As 
we  know  the  relation  between  stationary  polar  coordinates  and  the  pole 
coordinates  of  epoch  isX**  xo  +  XI,  Y  «=  Yo  +  yi,vdiere  Xo  and  Yo 
are  the  mean  pole  coordinates  of  epoch  in  1968.0  (Polar  Motion 
Collaboration  Group  1976).  For  Orlov  nethod  XI  and  Yl  are  the  sura  of 
the  annual  and  Chandler  ccaponents,  i.e.  Xl«  Xa  +  Xc  and  Yl*  Ya+  Yc,  in 
v^ich  Xa  and  Ya  are  calculated  with  the  stationary  formulae.  Therefore, 
the  influence  of  systematic  differences  of  FK4  on  A  XI  and  AYl  are  the 
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Scune  as  that  on  LXc  and  AYc. 

A<J)c  “  AXc  COE  X  +  AYc  sin  X  (2) 

vdiere  A<j>  c  is  the  influence  of  systematic  differences  of  FF4  on  the 
latitude  determinations.  After  solving  the  observing  weighted  equation 
(2)  AXc  and  AYc,  i.e.  AXl  and  AYl,  are  obtained  each  uvinth. 

In  1976  there  were  41  instruments  adopted  to  determine  the  mean  polar 
coordinates  of  epoch  1968.0.  Since  1983  there  were  only  26  instruments, 
such  as  Ottawa  (PZT), Quito  (AST) , Tianjin  (ZTL-180)  etc.  to  continue 
observations.  It  is  assumed  that  the  observations  are  symmetric  to 
meridian  of  the  station  and  the  clear  night  are  homogeneous  for  whole 
year  and  month.  The  influence  of  systematic  differences  of  FK4  on  Xo 
and  Yo  were  calculated  with  the  following  formula. 

A((|;,^  -  A(Jic  =  AXo  cos  X  +  AYq  sin  X  (3) 

vdiere  A<})^5  are  the  influence  of  systematic  differences  on  latitude 
determinations  measured  with  26  instruments  and  A(j)c  are  calcalated  by 
formula  (2).  The  values  of  AX  and  AY  are  shown  in  Fig.l. 

Since  1988  Shanghai  Observatory  was  assigned  as  an  analysis  center  of 
optical  technique  by  lAU  commission  19(jin  Wenjing  and  Liao  Dechun, 
1989).  The  global  solution  of  earth  orientation  parameters, in  which  the 
influence  of  systematic  differences  of  FK4  was  taken  into  accoiant,  was 
calculated.  The  influence  of  those  on  earth  orientation  parameters  are 
shown  in  Fig.  2. 


5.  Conclusion 

The  influence  of  systematic  difference  of  FK4  on  the  previous  results 
of  time  and  latitude  determinations  should  be  considered. 

After  reduction  of  systematic  difference  of  FK4  the  values  of  earth 
orientation  parameters,  whether  the  universal  time  of  CJS  or  the  global 
solution,  are  close  to  those  of  BIH  and  lERS.  The  improvement  of 
precisions  in  the  universal  time  of  CJS  is  slightly  better  than  that  in 
the  global  solution  of  earth  orientation  parameters  because  of  the 
reduction  of  influence  of  catalogue  on  time  and  latitude  determinations 
measured  by  the  optical  instruments,  which  are  located  at  the  narrow 
longitudinal  region  in  China. 
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ABSTRACT.  Astrometric  accuracies  of  a  few  tens  of  milliarcseconds  are  expected  to  be  attainable  within 
five  years  by  calibrating  astrograph  plates  with  optical  observations  of  Global  Positioning  System  (GPS) 
satellites  against  a  stellar  background.  The  line  of  sight  from  an  observer  on  the  Earth's  surface  to  a  GPS 
satellite  may  be  calculated  with  high  accuracy.  Motion  on  each  day  of  the  line  of  sight  to  the  satellite  and 
changes  from  day  to  day  in  the  apparent  path  of  the  satellite  are  sufficiently  slow  to  make  it  possible  to 
reduce  atmospheric  errors  by  averaging.  Advanced  ground-based  optical  sensors,  probably  using  charge 
coupled  device  technology,  will  be  required  for  GPS  optical  astrometry. 


i.  Global  Positioning  System 

The  Global  Positioning  System  (GPS)  is  designed  to  provide  three-dimensional  positions  and  velocities  to 
navigational  users  worldwide,  ^though  primarily  a  military  system,  mrny  of  its  products  arc  available  to 
the  civilian  community.  Its  "clear  access"  (C/A)  signals  give  to  users  who  know  their  height  above  sea 
level  (c.g.  mariners)  two-dimensional  positions  to  100  meters  (two  sigma).  More  interesting  to  scientific 
users  are  the  precise  ephemerides,  which  arc  declassified  after  48  hours.  At  present,  they  arc  computed  by  llic 
Defense  Mapping  Agency  (DMA)  and  distributed  by  the  National  Geodetic  Survey  (NGS).  US  civilian 
centers  now  active  in  improving  GPS  ephcmcris  accuracy  include  the  Center  for  Space  Research  of  llic 
University  of  Texas  at  Austin  (Schutz  ct  al.,  1989)  and  the  Jet  Propulsion  Laboratory  (Lichicn  and  Border, 
1987). 

Each  GPS  satellite  is  in  a  near  circular  orbit  of  which  the  period  of  revolution  is  12  sidereal  hours. 
Orbital  inclinations  are  high  -  63  to  64  degrees  for  Block  I  GPS  satellites  and  54  to  55  degrees  for 
Block  n  GPS  satellites.  When  satellite  longitudes  and  latitudes  arc  plotted  in  cartesian  coordinates,  the 
plotted  positions  nearly  form  a  square  wave  with  amplitude  equal  to  the  orbital  inclination  (Figure  1). 

Since  the  distance  cf  a  GPS  satellite  from  the  Earth's  center  is  approximately  four  Earth  radii,  the  line  of 
sight  from  an  observer  on  the  Earth's  surface  to  the  satellite  is  within  20  degrees  of  that  point  of  the 
celestial  sphere  with  declination  equal  to  satellite  latitude  and  hour  angle  equal  to  the  difference  of  observer 
and  satellite  longitudes,  A  GPS  satellite  is  visible  when  the  Sun-satcllitc-Eartli  angle  is  less  than  90 
degrees  and  brightest  just  before  eclipse,  when  that  angle  is  about  13  degrees. 

A  GPS  satellite  is  maneuvered  so  that  its  ground  track  is  nearly  fixed  in  terrestrial  latitude  and  longitude, 
while  its  orbital  plane  moves  slowly  relative  to  the  stars.  Thus,  for  each  point  on  the  Earth,  observed 
values  of  the  satellite's  declination  and  hour  angle  repeat  daily,  given  values  occurring  about  four  minutes 
earlier  each  day.  Figure  2  shows  altitudes  at  Washington,  D.C.  of  GPS  satellites  16, 6,  17, 10,  19,  14,  and 
21  for  late  September  1990. 

The  GPS  satellites  have  several  advantages  over  other  satellites  for  astrometric  control.  Tlicy  arc 
approximately  magnitude  9,  and  satellite  motion  relative  to  the  stars  is  of  the  order  of  45  arc  minutes  per 
minute  of  time.  The  sky  coverage  is  good  -  twenty-one  operational  satellites  arc  planned,  plus  three 
spares,  with  full  global  coverage.  The  path  of  a  GPS  satellite  scans  slowly  through  a  star  field  over  a 
period  of  months  --  the  satellite's  ground  uack  is  nearly  fixed,  while  the  orbital  plane  moves  westward  al  a 
rale  of  0.03  to  0.04  degree  per  day  relative  to  the  stars.  Orbital  eccentricity  is  small,  and  the  apogee 
advances  at  a  rate  of  less  than  0.02  degree  per  day. 
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The  position  of  the  optical  center  of  a  GPS  satellite  relative  to  an  observer  on  the  Earth's  surface  can 
currently  be  calculated  to  3-  to  5-meter  accuracy,  relative  to  an  Earth-centered  coordinate  system  oriented 
by  VLBI  observations,  corresponding  to  an  angular  accuracy  of  30  to  50  milliarescconds  in  the  line  of  sight 
direction.  GPS  satellite  precise  ephcmcridcs  now  give  accuracies  of  2  to  4  meters  for  the  center  of  mass. 
Errors  in  the  calculated  displacement  from  satellite  center  of  mass  to  center  of  light  are  believed  to  be  at 
present  approximately  1  meter.  Over  the  next  five  years,  significant  improvements  in  orbit  determination 
and  in  modelling  of  reflectance  are  expected  for  GPS  satellites.  These  should  lead  to  the  ability  to  calculate 
the  line  of  sight  to  5  milliarescconds. 

Stationkeeping  maneuvers  are  occasionally  performed.  The  mean  frequency  of  such  maneuvers  is  one  per 
1.19  years  per  satellite.  Such  maneuvers  limit  the  predictability  of  satellite  motion,  but  arc  fully  reflected 
after  the  fact  in  the  precise  ephcmcridcs. 


2.  Optical  Astrometry  Relative  to  Global  Positioning  System  Lines  of  Sight 

In  order  to  determine  star  positions  with  high  accuracy  relative  to  the  line  of  sight  to  a  GPS  satellite,  one 
may  accumulate  into  pointlikc  charge  images  the  photoclccU'ons  arising  in  a  charge-coupled  device  (CCD; 
both  from  photons  in  an  optical  image  of  the  satellite  and  photons  in  optical  images  of  stars.  Pointlikc 
charge  images  of  stars  may  be  formed  (Figure  3)  by  placing  the  CCD  in  a  telescope  which  follows  the 
stars.  Aligning  the  columns  of  the  CCD  with  the  direction  of  motion  of  the  image  of  the  satellite  and 
moving  charge  in  half  of  the  CCD  from  row  to  row  at  an  appropriate  rate  causes  (Figure  4)  the 
photoelcctrons  coming  from  tlie  image  of  the  satellite  to  be  accumulated  into  a  pointlikc  charge  image. 
Such  a  method  of  image  motion  compensation  has  been  used  previously  (Monet,  1988)  to  measure  star 
positions  with  a  fixed  telescope.  Motions  of  the  telescope  are  reflected  identically  in  both  star  and  satellite 
charge  images. 

An  instrument  for  GPS  astrometry  might  consist  of  a  0.5-mctcr  aperture  telescope  of  4-moter  focal 
length  with  a  2(X)0  by  2000  pixel  CCD,  having  20  micron  pixels,  in  its  focal  plane  (Figure  3).  The  time 
required  for  the  image  of  a  GPS  satellite  to  cross  the  CCD,  which  corresponds  to  a  30  by  30  arc  minute 
region  of  sky,  is  approximately  40  seconds.  A  narrow  bandpass  filter  is  shown,  which  reduces  the  number 
of  photoelcctrons  to  8000  per  pixel  for  an  image  of  3  pixel  radius,  exposed  40  seconds,  of  a  magnitude  10 
star  (filter  transmission  is  50%  and  CCD  efficiency  is  40%).  Such  a  narrow  bandpass  makes  refraction 
differences  with  color  insignificant 

The  standard  deviation  of  observation  errors  with  the  described  instrument  is  expected  to  be 
approximately  50  milliarescconds.  This  includes  a  one-fortieth  pixel  error  due  to  causes  within  the  CCD 
(Monet,  1988),  an  error  of  25  milliarescconds  due  to  aunosphcric  turbulence  (Han,  1989),  and  an  error  of  25 
milliarescconds  (2.5  meters)  due  to  inaccuracies  in  the  satellite  ephemeris. 

Since  tne  path  of  a  GPS  satellite  scans  slowly  among  the  stars,  covering  approximately  one  hour  of 
right  ascension  per  year,  tens  of  observed  GPS  positions  can  be  placed  in  tlte  region  covered  by  a  single 
astrograph  plate.  Thcitc  observations  can  be  used  to  calibrate  the  plate  to  significantly  better  than  the  50- 
milliarcsccond  standard  deviation  of  a  single  observation. 
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Figure  1.  Ground  Track  of  GPS  Satellite  Number  21  in  Late  September,  1990 


Figure  2.  GPS  Satellite  Altitudes  for  Washington,  D.C.  in  Late  September,  1990 
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Figure  3.  Focal  Plane  Assembly  of  GPS  Astrometry  Telescope 
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Figure  4.  Operation  of  Focal  Plane  CCD  Chip 
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STATUS  OF  THE  HIPPARCOS  DATA  REDUCTION 
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1.  PRESENT  SITUATION  OF  THE  SATELLITE 

HIPPARCOS  Is  now  well  settled  on  Its  10^40™  eccentric  orbit  and  the  data  Is  received 
by  three  telemetry  stations  that  are  also  transmitting  commands:  Odenwald  (F.K.G.), 
Perth  (Australia)  and  Goldstone  (California).  Although  during  about  80  to  90%  of  the 
time,  data  are  recovered,  in  practice  only  the  observations  made  from  higher  than  the 
outer  Van  Allen  belt  are  usable.  Sometimes  even  at  that  height,  on-board  attitude  de¬ 
termination  does  not  converge  due  to  the  noise  that  covers  the  star  mapper  signal.  Fi¬ 
nally,  about  between  55  and  65%  of  the  mission  time  is  usable  for  reduction.  The  ac¬ 
tual  routine  data  recovery  started  on  November  27.  1989. 

2.  WORK  OF  THE  REDUCTION  TEAMS 

Both  data  reduction  consortia  (FAST  and  NDAC)  have  received  and  reduced  about  1.5 
months  of  data  sampled  thoughout  the  first  eight  months  of  mission.  The  main  objec¬ 
tives  were : 

-  To  modify  the  software  In  order  to  accomodate  the  new  situation  arising  from  the 
unexpected  orbit  and  the  increased  noise  when  the  satellite  is  still  close  to  the  radia¬ 
tion  belts  or  when  It  is  In  lengthy  occultatlon  situation.  More  generally,  the  treat¬ 
ment  of  the  real  data  often  showed  features  that  were  not  correctly  dealt  with  by  soft¬ 
ware  built  using  some  a  priori  model. 

-  To  calibrate  the  Instrument:  Intensity  and  modulation  transfer  functions,  grid  to 
field  and  field  to  grid  transformation,  basic  angle,  etc... 

-  To  test  the  correctness  of  the  software  by  comparison  between  various  Intermedlaiy 
results  obtained  by  the  two  consortia. 

This  initial  phase  Is  essentially  complete,  and  It  expected  that  routine  data 
reduction  might  start  sometime  In  November  1990.  It  should  last  at  least  4  years,  pos¬ 
sibly  more  If  the  duration  of  the  mission  is  extended. 


3.  PRECISION  OF  THE  RAW  DATA 

Raw  data  consists  of  photo-electron  counts  produced  by  the  photomultipliers.  The  re¬ 
duction  using  a  calibrated  model  gives  the  limes  of  crossings  of  the  star  mapper  grids 
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and  the  modulation  phases  that  are  used  to  determine  the  position  of  a  star  Image  on 
the  main  grid.  Both  can  be  readily  transformed  Into  milliseconds  of  arc  on  the  slqr 
(fig.  1  and  2). 

In  addition,  the  amplitude  of  the  modulation  curve  on  the  main  grid  gives  the 
Intensity  of  the  light  received  from  the  star  and.  hence,  Its  magnitude  in  the  HIPPAR- 
COS  photometric  system.  Using  as  calibrators  a  certain  number  of  standard  stars  that 
have  been  accurately  observed  from  the  ground,  one  can  derive  the  accuracy  of  magni¬ 
tude  determinations  In  addition  to  their  precision  (see  fig.  3).  Actually,  there  are  two 
Independent  methods  to  determine  the  magnitude  using  different  terms  in  the  modu¬ 
lation  function.  They  give  the  same  results  for  single  stars,  but  there  are  differences  in 
case  of  non-single  stars  and  this  is  one  of  the  ways  to  Identify  double  or  multiple  stars. 


4  5  6  7  8  910)112 

mag 

Figure  1  -  Typical  average  r.m.s.  errors  of  the  determination  of  the  times  of  transit  of  a  star 
through  vertical  and  Inclined  silts  of  the  star  mapper  In  function  of  magnitudes, 
mas 


mag 

Figure  2  -  Typical  average  r.m.s.  errors  on  the  determination  of  the  phases  of  the  first  and  se¬ 
cond  hcirmonlc  of  the  modulated  signal  from  the  main  grid  In  function  of  magnitudes.  The  cor¬ 
responding  observation  times  range  from  0.2s  for  bright  stars  to  1  second  or  more  for  the  fain¬ 
ter  ones. 


290 


3  -  Standard  devlaUon  per  transit  as  a  function  of  the  magnitude  for  Lhe  two  methods  (a), 
(b)  of  determining  It. 

Up  to  a  couple  of  dozen  new  double  stars  are  discovered  by  this  methods  from 
the  analysis  of  5  to  8  hours  of  data.  The  separation  power  depends  of  course  on  the  ma¬ 
gnitude  difference  between  the  components.  In  the  most  favourable  cases  It  could  be  as 
low  as  0".05. 

4.  REDUCTION  ON  A  GREAT  CIRCLE 

The  reduction  procedure  calls  for  a  synthetic  treatment  of  the  results  of  the  raw  data 
analysis  presented  in  the  preceding  section,  as  accumulated  during  a  data  set  consis¬ 
ting  of  the  useful  part  of  the  satellite  revolution.  Two  steps  are  performed. 

a)  Attitude  detcimlnation  from  tlie  star  mapper 

About  3000  to  6000  transit  times  through  each  group  of  slits  are  obtained.  The  attitude 
Is  determined  (this  is  a  first  approximation)  using  the  star  positions  provided  by  the 
Input  Catalogue.  The  following  r.m.s.  are  typically  obtained  for  the  three  orientation 
angles : 


V ;  60  to  100  mas  (along  track) 

0  :  100  to  150  mas  (around  oy  axis) 
i))  :  200  to  400  mas  (around  ox  axis) 

However,  these  precisions  are  primarily  affected  by  the  uncertainties  of  the 
Input  Catalogue.  The  attitude  so  obtained  may  be  used  to  improve  the  along  scan  posi¬ 
tions  deduced  from  the  Input  Catalogue.  The  results  show  that  Indeed  the  catalogue  In¬ 
duced  errors  are  of  the  order  of  the  attitude  error  obtained.  It  also  shows  the  quality  of 
the  Input  Catalogue  which  Is  of  the  order  of  0".2  to  0".3. 

b)  Abscissae  on  the  reference  great  circle 

This  last  global  step  In  the  data  set  reduction  Is  the  determination  of  the 
mean  abscissa  of  each  observed  star  on  the  reference  great  circle  using  the  attitude  and 
the  grid  coordinates  provided  earlier.  Simultaneously,  ihe  \j/  component  of  the  attitu¬ 
de  Is  redetermined  as  well  as  some  instrumental  parameters.  A  typical  r.m.s.  of  the 
order  ol  10  to  16  mas  characterizes  the  precision  of  the  abscissae  on  the  great  circle. 
The  same  precision  is  obtained  for  the  along  scan  attitude  v. 


The  determination  of  positions,  proper-motions  and  parallaxes  requires  a  new  step  in 
which  the  results  obtained  for  a  large  number  of  reference  great  circles  are  combined. 
This  could  not  be  done  since  too  few  data  have  been  reduced  so  far.  However,  it  is  possi¬ 
ble  to  extrapolate  the  precisions  presented  above  using  our  experience  with  simulated 
data.  In  particular  we  can  use  the  fact  that  these  positions  are  better  than  the  nominal 
ones,  and  this  partially  compensates  the  loss  of  data  acquisition.  Table  1  gives  the  ex¬ 
pected  precisions  as  a  function  of  the  duration  of  the  mission. 

The  behaviour  of  the  satellite  proves  to  be  such  that  a  4-year  duration  Is  not 
to  be  excluded.  In  addition,  one  estimates  that  various  Improvements  of  the  reduction 
method  would  Improve  the  results  by  a  factor  of  0.7.  From  this  we  conclude  that  rea¬ 
ching  the  nominal  precisions  (and  seemingly  also  accuracies)  Is  a  reasonable  expecta¬ 
tion  If  the  satellite  survives  another  couple  of  years.  If,  as  it  is  quite  possible,  finances 
permitting,  HIPPARCOS  remains  absolutlve  another  couple  of  years,  a  final  precision 
of  the  order  of  one  millisecond  of  arc  Is  not  Impossible. 

I^SLELl 


Expected  precisions  In  m.&.s.  for  a  9  magnitude  star 


Duration  of 
the  mission 

18 

24 

30 

40 

50 

Nominal 
mission 
(30  months) 

Position 

6 

4.5 

3 

2 

1.5 

2 

Annual  proper 

10 

4 

2.5 

1.7 

1.0 

2 

motions 

Parallaxes 

6 

4.5 

3 

2 

1.5 

2 
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VLSI  ASTROMETRY  OF  THE  HIPPARCOS  LINK  RADIO  STARS 

J-F.  Lestrade  ,  R.  A.  Preston,  D.C.  Gabuzda  (JPL), 
R.B.  Phillips  (Haystack/MIT) 

The  VLBI  extrgalactic  reference  frame  contains  280 
radio  sources  distributed  evenly  in  both  hemis¬ 
pheres.  The  average  internal  astrometric  accuracy 
of  this  frame  has  reached  1  milliarcsecond.  The 
link  between  this  stable  VLBI  reference  frame  and 
the  rotating  HIPPARCOS  frame  is  important  to  unify 
the  radio  and  optical  coordinates  systems.  We  are 
determining  the  tie  between  the  two  frames  by 
conducting  VLBI  observations  of  optically  bright 
radio  emitting  stars  which  are  common  objects  to 
both  frames.  We  are  presently  monitoring  12  such 
radio  stars  with  a  high-sensitivity  and  high-accur¬ 
acy  VLBI  technique  for  differential  astrometry. 

We  present  several  tests  as  an  assessment  of  this 
astrometric  accuracy. 
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NOTE  ON  THE  DEFINITION  OF  THE  INTERNATIONAL 
ATOMIC  TIME  TAI 


Z.X.  LI 

Shanghai  Observatory 
Chinese  Academy  of  Sciences 
Shanghai,  200030,  China 


ABSTRACT.  Relations  among  the  three  concepts  (TAl,coordinate  time,and  proper  time)  are 
discussed  and  comments  of  the  definition  of  the  TAI  are  given. 


1.  Introduction 


Since  the  establishment  of  the  atomic  time  scale  in  1956  at  the  BIH  and  the  presence  of  its 
notation  TAI  in  1971  (Guinot,Seide!mann,1988),two  possible  definitions  of  the 
TAI(Guinot,1990)  are  being  concerned  from  time  to  time:  a  coordinate  time  in  a  non-rotating 
geocentric  reference  system;  or  the  proper  time  at  a  specified  location  on  the  Earth.  Although 
TAI  was  defined  as  a  coordinate  time  in  1980  by  the  CCDS,  discussions  between  different 
opinions  are  still  carrying  on  frequently.  It  is  quite  possible  that  a  clearer  understanding  of  the 
TAI  is  still  needed  in  nowadays.  The  purpose  of  this  paper  is  to  make  a  further  explanation  on 
the  relations  among  the  three  concepts:  TAI,coordinate  time, and  proper  time, then  some 
comments  on  the  definition  of  the  TAI  are  given. 


2.  Relation  between  the  proper  time  r’  of  a  Earth  fixed  clock 
and  the  coordinate  time  T  in  a  non- rotating  reference  system 


The  relation  between  the  proper  time  r’j  of  a  clock  i,which  is  fixed  on  the  Earth,  and  the 
coordinate  time  T  of  the  non-rotating  geocentric  reference  system  is: 

2«I>i  i 

dr’i  =  (l - )  dT,  (1) 

cJ 

is  the  sum  of  gravitational  and  centrifugal  potential  of  the  i  clock.  If  the  same  clock  is  moved 
to  the  geoid,  the  proper  time  rj  of  the  corresponding  fictitious  clock  can  be  related  to  the 
coordinate  time  T  as: 

2^0  ^ 

dr;  =  (  1  -  )  dT,  (2) 

c* 

represents  the  corresponding  potential  of  the  fictitious  clock. 
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So,  we  have: 

dr;  /  dr’i  »  (  ! 


4*  -  4>- 
1 


c2 


(3) 


From  (3),  the  time  scale  established  by  the  i  clock  can  be  changed  to  the  fictitious  clock's. 
The  existence  of  equation  (2)  demonstrates  that  rj  is  not  the  coordinate  time  T  itself, but  it 
is  one  of  the  members  of  the  coordinate  time  family  and  relates  to  T  with  a  constant  factor  k. 
Let  us  use  t  to  express  it  and  the  following  relation  can  thus  be  written: 


dt  =  kdT  =  dr;  (4) 

It  can  be  concluded  here,the  proper  time  t\  of  a  Earth  fixed  clock,  after  being  reduced  to  the 
fictitious  clock’s  on  the  geoid,  has  its  duality:  it  is  the  proper  time  Tj  of  the  fictitious  clock  on 
the  geoid,  but  it  is  also  the  coordinate  time  t  of  the  non-rotating  geocentric  reference  system 
at  the  same  time. 


3.  Relations  among  TAI, proper  time  r,and  the  coordinate 
time  t 


As  a  result  from  the  proper  times  (  i=l,2,...,n  )  of  a  certain  number  of  fictitious  clocks  on 
the  geoid,what  is  the  nature  of  the  TAI  now? 

tn  practice,  we  can  not  establish  the  TAI  without  using  the  concept  of  coordinate 
synchronization.  So,  it  is  easy  to  believe  that  TAI  is  only  a  coordinate  time  now,  and  not  a 
proper  time  anymore(  Huang  et  al.,1989).  Is  it  the  only  answer  that  we  can  have? 

We  first  discuss  the  case  in  which  only  real  clocks  are  concerned.  Let  us  suppose  that  clocks 
are  fixet.  on  the  geoid  and  located  at  the  same  place.  Due  to  the  existence  of  the  equation  (4), it 
is  clear  that  the  obtained  TAI  will  be  no  difference  whether  the  concept  of  coordinate 
synchronization  or  the  concept  of  so-called  standard  synchronization  (Huang  et  al.,  1 989)  is  used 
in  comparing  clocks.  Then,  clocks  are  moved  to  different  locations  but  still  fixed  on  the  geoid. 
The  equivalence  of  the  two  kinds  of  synchronization  will  still  exist.  So,  if  the  TAI  is  obtained 
from  the  readings  of  the  fixed  real  clocks  on  the  geoid,it  can  be  regarded  as  coordinate  time 
and  also  proper  time  as  well  at  the  same  time  even  we  have  only  used  the  concept  of  coordinate 
synchronization  in  comparing  clocks. 

Now  we  come  to  the  case  that  we  are  actually  confronting  in  establishing  TAI.  The  answer 
depends  on  the  understanding  of  ihe  "proper  time  of  fictitious  clocks".  If  it  can  be  regarded  as 
a  proper  time,  why  we  will  then  be  not  able  to  regard  the  TAI  as  a  proper  time?  It  should  be 
noticed  that  the  approximation  of  regarding  TAI  as  a  proper  time  is  the  same  as  that  of  the 
actual  expression  which  we  have  used  to  define  the  coordinate  time. 


4.  Discussion 


(!)  In  considering  the  problem  of  the  definition  of  TAI,  it  is  possible  to  understand  it  in  a 
wider  sense  in  practice.  It  is  not  the  unique  solution  that  we  have  to  restrict  ourself  to  a 
unchangeable  definition. 

(2)  It  is  correct  to  define  the  TAI  as  a  coordinate  time  in  the  non-rotating  geocentric  reference 
system,  but  it  is  not  necessary  to  exclude  the  TAI  absolutely  from  the  concept  of  proper  time 
at  the  same  time.  It  depends  on  the  accuracy  of  the  demanding  in  theory.  It  is  possible  to 
define  TAI  as  a  proper  time  at  a  specified  location  on  the  Earth  in  practice.  Its  actual  meaning 
is  the  mean,  or  weighted  mean,  of  the  readings  of  fictitious  clocks  which  are  fixed  on  the 
geoid. 
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THIRD  GENERAL  CATALOGUE  OF  STARS 
OBSERVED  WITH  THE  PHOTOELECTRIC  ASTROLABES 


Lu  Lizhi 


(Beijing  Astronomical  Observatory  in  China) 

Abstract 

On  the  basis  of  the  data  observed  with  the  Photoelectric  Astrolabes  in  China  observed 
during  the  period  from  1982  to  1990,  the  general  catalogue  is  compiled.  With  magnitudes 
ranging  from  O"*.!  to  7"*.3,  the  general  catalogue  consists  of  2577  stars  spreading  from  b- 
-3°  to  b=  69°,  in  which  955  are  FK5  stars  and  1622  are  GC  stars. The  mean  precisions  of 
2577  Aa’s  and  1892  A^’s  are  ±4.0  ms  and  ±0”.065,  respectively.  The  mean  epoch  of  the 
catalogue  is  1987.4.  Finally  systematic  corrections  of  (CAT-FK5)  are  given. 

I.  Introduction 

The  equal  altitude  method  brings  good  results  not  only  for  the  determination  of  the 
Earth’s  rotation  parameters,  but  also  in  the  improvement  of  catalogues.  The  potentiality  of 
this  method  in  the  field  of  position  astronomy  has  been  shown  by  several  general  catalogue 
(12)  of  stars  observed  with  the  different  marks  of  Chinese  photoelectric  astrolabes  since  1973. 
The  general  catalogue  reported  here  is  compiled  on  the  basis  of  the  preliminary  catalogue 
of  the  photoelectric  astrolabe  mark  II  of  Beijing,  Yunnan  and  Shanghai  Astronomical 
Observatories  and  mark  I  photoelectric  astrolabe  of  Shaanxi  Astronomical  Observatory 
since  1982. 

The  Chinese  photoelectric  astrolabes  mark  II  have  been  modified  to  automatic  ones  and 
photo-counters  are  used  for  recording  the  time  of  almucanter  transit  of  a  star  with  the 
limiting  magnitude  of  at  leeist  9"' .5.  The  photoelectric  astrolabe  mark  III  are  adjusting 
and  will  be  installed  at  Beijing,  Yunnan  Astronomical  Observatories  respectively.  These 
instruments  will  be  used  for  observations  of  faint  stars  and  some  minor  planets. 

II.  Reduction  of  the  data 

Adopting  the  positions  at  J2000.0  of  the  Fifth  Fundamental  Catalogue  (FK5)  and  new 
astronomical  constants  (lAU,  1976),  the  data  observed  with  the  Photoelectric  Astrolabes 
are  reduced  to  the  FK5  system. 

All  preliminary  catalogue  are  compiled  using  same  method.  The  equation  defined  the 
position  corrections  are 


Aq  = 


V  -V 

30  cosv^olsin  A| 


+  AA 
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=  - 


V,  +  Vu,-  2K 
2  cos  q 


■T  D  cos  6 


where 

Ku  ~  the  residuals  reduced  to  the  mean  instrumental  system  at  both  eastern  and 
western  passages; 

<Po  -  the  adopted  \’alue  of  latitude  at  the  site  of  the  instrument; 

A  -  the  azimuth  of  a  star  observed,  measured  eastwards  from  north  ; 

q  -  the  parallactic  angle  of  a  star  as  it  transits  the  almucantar  of  the  astrolabe. 

AA  and  Dcos  6  are  constans  to  be  determined.  2K  can  be  calculated  using  the  stars 
of  I  cos^l  <  0.2. 

After  correcting  for  the  magnitude  equations,  spectral  type  equations,  difference  in  the 
constant  of  right  ascensions,  the  value  of  2K‘s  and  the  systematic  error  of  delclinations 
of  the  form  Dcos  8,  the  analytic  method  developed  by  R.Bien  et  al^^l  have  been  used  to 
obtain  the  systematic  differences  respectively  of  a,  S  and  magnitude  M  in  the  sence  of 
(CAT-FK5)  for  each  preliminary  catalogues.  The  systematic  difference  may  be  given  by 

ft(8,M,0t)  =  RpnmlLn{X  <  6  >)Jp{Y  <  M  '>)Fn\l(Ct), 


where 

Rpnml  ~  normalizing  factor; 

L„{X  <  6  >)  -  Lgendre  polynomial: 

Jp{Y  <  M  >)  -  Jacobi  polynomial; 

-  Fourier  term. 

Meanwhile,  a  computeiized  numerical  method  has  been  used  as  a  comparison.  It  is 
considered  that  these  results  ara  agree  with  each  other  quite  well. 

The  composite  system  of  the  general  catalogue  is  formed  by  weighting  each  FK5  star 
of  different  preliminary  catalogue  according  to  their  systematic  differences 


fi{X  <  8  >.y  <  M  >,q). 


And  all  GC  stars  have  been  obtained  with  the  same  process. 

III.  The  Results 

The  general  catalogue  consits  of  2577  stars  in  which  there  are  955  FK5  stars  and  1622 
GC  stars.  The  magnitudes  are  from  0”*.l  to  7*”. 3.  The  declinations  are  from  8=  -3'’  to 
8=  69°.  The  mean  precisions  of  2577  Aq’s  and  1892  A6's  are  ±4.0  ms  and  ±0".065. 
respectively.  In  the  catalogue,  among  these  .stars  appearing  in  more  than  one  urelimiuar) 
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catalogue,  there  are  885  common  in  Aa  and  369  in  A6.  The  mean  accordances  for  the 
common  stars  in  Aa  and  AS  are  ±4.5ms  and  ±0".061,  respectively.  The  mean  epoch  of 
the  catalogue  with  188  thousants  observations  is  1987.4. 

By  the  method  and  and  with  the  Aa  and  iHS  of  FK5  stars,  the  systematic 
corrections  of  the  catalogue  of  stars  (CAT-FK5)  are  analyzed.  The  systematic  corrections 
on  the  right  ascension,  declination,  and  magnitude  Aa^,  ASo,  Aas,  ASi,  Aam,and  A5„,, 
are  given  in  Tables  1,  2,  and  3,  respectively. 


Table  1.  The  Systematic  Errors  (CAT-FK5)  Aa^  and  ASa 


0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Aao(O’.OOOl) 

0 

7 

12 

1C 

17 

16 

13 

9 

5 

2 

0 

0 

A^o(0".001) 

17 

28 

15 

-5 

-12 

1 

7 

16 

-5 

-29 

-32 

-11 

a* 

12 

13 

14 

15 

1C 

17 

18 

19 

20 

~2r 

22 

23 

Aa„(0N0001) 

0 

0 

0 

-2 

-5 

-9 

-13 

-16 

-17 

-16 

-12 

-7 

A^„(0".001) 

17 

28 

15 

-5 

-12 

1 

7 

16 

-5 

-29 

-32 

-11 

Tabic  2.  The  Systematic  Errors  (CAT-FK5)  Aa<  and  AS{ 


<5® 

0.0 

5.0 

10.0 

15.0 

20.0 

25.0 

30.0 

Aa<(0'.0001) 

-3 

6 

-29 

-14 

22 

29 

12 

A6(s(0".001) 

47 

45 

19 

-3 

-11 

-9 

-4 

6® 

35.0 

45.0 

50.0 

55.0 

60.0 

65.0 

Ao<(0’.0001) 

3 

8 

11 

3 

-7 

-16 

-50 

A^<(0".001) 

-3 

-10 

-29 

-33 

-38 

-31 

-9 

Table  3.  The  Systematic  Errors  (CAT-FK5)  Ao„,  and  AS,,, 


M 

0.33 

2.14 

3.11 

4.02 

5.04 

5.94 

6.76 

Aq„,(0''.0001) 

-9 

1 

-3 

0 

0 

-2 

-8 

M 

0.06 

2.16 

3.08 

4.01 

5.04 

5.91 

6.73 

A^„,(0".001) 

6 

-13 

3 

3 

0 

1 

1 
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THE  APPROACH  OF  IMPROVEMENT  TO  STELLAR  COORDINATE 


W.Z.Ma 


Department  of  Astronomy  .Beijing  Normal  University 


ABSTRACT 


This  article  presents  a  new  method  for  observing  minor  planets.The  observa¬ 
tion  is  operated  with  a  photo-electronic  imaging  devise  CCD  and  a  lower  latitude 
meridian  circle. 

The  CCD  is  mainly  used  except  it  is  during  the  favourable  opposition  of  the 
minor  planet  when  the  meridian  circle  is  mainly  used  in  this  method.The  method 
can  improve  precision  of  observation  of  planetary  position  and  enlarge  scope  of  ob¬ 
servation  of  planetary  orbit.Therefore.the  measured  precision  of  zero  point  of  stel¬ 
lar  coordinate  could  be  increased.The  key  of  succeeding  is  that  more  precise  result  is 
got  using  the  CCD. 

The  experiment  in  this  article  indicates  that  this  method  is  a  good  way:While  a 
minor  planet  and  calibration  stars  locate  in  the  same  image  of  the  CCD, the  meas¬ 
ured  precisions  of  the  minor  plant  are 

o-,=  ±0".03,  o-^=±0".035; 

While  the  minor  planet  and  calibration  stars  are  located  in  different  images  of 
the  CCD, the  precisions  are 

<r.=  ±0".06,  (ri=±0".08. 

1.INTRODUCTION 

At  present, the  precision  of  the  coordinate  based  on  the  stellar  coordinate  is  af¬ 
fected  because  precision  of  observations  on  the  celestial  bodies  in  the  solar  system  is 
not  able  to  reach  precision  of  observations  on  the  stars.So  raising  precision  of  ob¬ 
servations  on  the  celestial  bodies  in  the  solar  system  is  one  of  the  important  way  to 
improve  the  stellar  coordinate.Since  1986,we  have  been  making  a  series  of 
orientation  observations  on  minor  planets  using  CCD  receiving  system  of  IM  tele¬ 
scope  in  Yunnan  Astronomical  Observatory  .The  observations  indicate^*':  When  the 
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tested  minor  planet  and  the  calibration  stars  locate  in  the  same  image  of  CCD,the 
measured  precision  of  the  minor  planet  is;  -  0".03,  o-^=  ±  0'‘'.035.0n  the  other 
hand, when  the  measured  minor  planet  is  connected  with  calibration  stars  by  means 
of  overlap  measurement, tlie  precision  becomes:  a^=±  0".06,  <r^=  ±  0".08.The  in¬ 
creasing  of  observational  frequency  can  no  doubt  improve  the  orientation  precision 
of  the  minor  planets.When  we  want  to  determine  the  orbits  of  those  minor 
planets,we  can  adopt  CCD  .It  has  not  only  higher  precision  comparing  with  photo- 
graph,but  also  higher  efficiency.On  this  basis, the  author  presents  an  idea  to  deter¬ 
mine  zero  point  of  stellar  coordinate,that  is  observing  minor  planets  by  using  con¬ 
jugation  of  CCD  and  the  meridian  circWlXhis  paper  discusses  it  in  the  concrete, 

2.THE  ADVANTAGES  AND  DISADVANTAGES  OF  DETERMING  ZERO 
POINT  OF  THE  STAR  CATALOGUE  BY  MEANS  OF  OBSERVING  MINOR 
PLANETS. 

In  history,zero  point  of  the  star  catalogue  was  determined  by  means  of  ob¬ 
serving  the  sun  and  the  plancts.However,considering  the  observational  conditions 
now,it  is  difficult  to  improve  the  observational  precision  of  zero  point  of  the  star 
catalogue.The  minor  planets  are  near  to  point  sources, and  also  they  are  observed  at 
night.Theoretically,the  position  of  the  minor  planets  can  be  arrived  with  the  stellar 
measured  precision.So  minor  planets  are  tlie  ideal  celestial  bodies  to  determine  zero 
point  of  star  catalogue.In  the  20's  of  the  20th  century ,Dyson  had  presented  a  pro¬ 
posal  to  determine  zero  point  of  the  coordinate  through  observing  minor 
planets^ ^^For  dozens  of  years,the  precision  of  zero  point  of  the  star  catalogue  de¬ 
termined  by  minor  planets  is  not  high.The  reason  might  be  divided  into  three 
sides^^"^^: 

(1) ,The  adopted  stars  in  the  fundamental  coordinate  are  mainly  those  stars  ab¬ 
solutely  and  relatively  measured  through  meridian  circle.The  minor  planets  are  very 
dim,so  not  many  of  them  can  be  observed  by  using  meridian  circle. 

(2) .In  practice,photograph  method  is  usually  used. But  the  precision  of  the  star 
catalogue  adopted  by  this  method  is  too  low,thc  measured  precision  of  the  minor 
planets  reduces. 

(3) ,The  minor  planets  are  never  observed  systematically  by  using  photograph 
or  meridian  circle,and  the  theory  of  movement  of  the  m.inor  planets  are  not  perfect. 

The  conjugation  of  CCD  and  meridian  circle  to  observe  minor  planets  can  im¬ 
prove  the  measured  precision,and  also  enlarge  the  observed  range.If  the  full  use  of 
the  observational  data  of  high  precision  of  minor  planets  is  made  and  the  accurate 
orbits  of  the  minor  planets  are  determined,then  the  main  disadvantages  of  the 
measurement  of  observing  minor  planets  in  the  past  can  be  overcome  and  the  preci¬ 
sion  of  zero  point  of  the  star  catalogue  determined  by  minor  planets  can  be  in- 
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creased, and  also  our  aim  of  improving  stellar  coordinate  will  be  realized. 

3. CONJUGATION  OF  CCD  AND  MERIDIAN  CIRCLE  TO  OBSERVE  MI¬ 
NOR  PLANETS 

In  this  paper, the  observational  means  is  CCD  receiving  system  of  IM  telescope 
and  low  latitude  meridian  circle  in  Yunnan  Astronomical  Observatory  .The  meridi¬ 
an  circle  can  observe  celestial  bodies  of  about 

During  the  opposition  of  minor  planets,our  main  observational  instrument  is 
meridian  circle,CCD  helps  it.They  are  used  to  observe  for  a  period  of  time 
simultaneously  .The  aim  is  normalization  calculation.When  the  minor  planet's  loca¬ 
tion  is  not  good  for  meridian  circle,CCD  can  be  full  used.In  order  to  assure  coinci¬ 
dence  of  the  system  and  improve  CCD  orientating  precision  of  minor 
planets,calibration  stars  in  CCD  observation  should  mainly  be  those  stars  observed 
by  using  low  latitude  meridian  circle.CCD  observation  is  an  important  assurance  to 
get  more  observational  points  on  the  whole  orbits  of  the  minor  planets. 

The  experiment  indicates^ ''{Observing  minor  planets  by  using  CCD  have  high 
precision  and  high  efficiency.It  can  assure  the  orientating  precision,  enlarge  the 
length  of  observational  arcs  for  minor  planets  and  reach  high  precision  of  zero 
point  of  the  star  catalogue, 

4.  SOME  CONSIDERATIONS  ON  THE  TREATMENT  OF  THE  DATA 

Conjugation  of  CCD  and  meridian  circle  realized  the  improvement  on  the 
observational  means  and  methods.lt  is  the  important  assurance  of  raising  the  meas¬ 
uring  precision  of  the  minor  planets.Similarly,the  improvement  of  the  treating 
methods  of  the  observational  data  can  also  reach  the  aim  of  raising  precision. 

(1) .The  measurement  and  correction  of  the  systematic  error 

CCD  receiving  system  and  meridian  circle  are  two  different  observational 
means.Their  normalization  calculation  is  very  important.So  it  must  be  solved 
through  experiments.According  to  the  fact  already  known,number  1 — 4  minor 
planets  can  be  selected  as  the  observed  celestial  bodies.Evcn  though,in  the  practice 
of  observations  on  the  minor  planets,CCD  and  meridian  circle  must  be 
simultaneously  u.sed  for  a  period  of  time.Thus  the  high  precision  of  measuring  mi¬ 
nor  planets  by  using  meridian  circle  can  be  assured. 

(2) .The  improvement  of  the  measuring  precision  of  minor  planets. 

The  experiments  indicate:In  order  to  raise  the  measuring  precision  of  the  minor 
planets'  locations  on  the  selected  momeni,it  is  necessary  to  increase  CCD 
observational  frequency  around  that  moment  as  many  as  possible.Multinomial  fit¬ 
ting  is  used  for  treating  the  data,and  (a  ,d)  changing  as  time  varies  could  be  got 
from  following  function: 
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a  =  a.  +at+bt^+ct^+ . 

d  =  5.  +a't+bV+c''t^+ . 

where  a,b,c,dj . ,a''»b^c',d'', . are  coefficients  to  be  deterrained.Such  observational 

methods  and  data  processing  can  assure  the  high  precision  of  minor  planets'  loca¬ 
tions  on  the  selected  moment^‘1 

(3).The  improvement  of  average  orbital  elements 

Since  the  use  of  normalization  calculation  increases  the  precision  of  minor 
planets  observed  by  meridian  circle, and  enlarges  the  length  of  observed  arcs  of  mi¬ 
nor  planets, more  observed  values  can  be  got  on  the  enlarged  arcs  of  minor  planets' 
orbits.Making  use  of  the  observed  values  of  high  precision,the  average  orbital  ele¬ 
ments  of  minor  planets  will  be  improved,and  the  determination  of  accurate  orbit  of 
minor  planets  will  be  realized.Since  the  theory  of  minor  planets'  movement  is  not 
perfect,methods  of  the  experiment  arermake  full  use  of  the  observed  values  that 
have  high  precision  on  the  orbit  of  minor  planets,take  an  envelope  of  osculating  el¬ 
lipses  for  approximations  to  minor  planets'  real  orbits,realize  the  improvement  of 
the  minor  planets'  average  orbital  elements. 

5.  CONCLUDING  REMARKS 

As  the  transition  from  fundamental  coordinate  to  dark  stars,as  the  improve¬ 
ment  of  observational  precision  of  zero  point  on  the  fundamental  coordinate,!!  will 
have  important  significance  to  determine  zero  point  of  star  catalogue  by  observing 
minor  planets  and  have  much  more  affection  in  practice.The  method  presented  in 
this  paper  is  a  new  way  to  determine  zero  point  with  minor  planets. 
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OBSERVATIONS  OF  LUNI- SOLAR  AND  rREE  CORE  NUTATION 


Dennis  D.  McCarthy 
Brian  J .  Luzum 
U.  S.  Naval  Observatory 
Washington,  DC  20392  USA 


ABSTRACT.  An  analysis  of  the  differences  between  observed  nutation  angles 
and  the  1980  lAU  Nutation  Theory  shows  the  existence  of  currently 
unmodeled  effects.  An  empirical  set  of  corrections  to  the  1980  lAU 
Nutation  Theory  is  presented  and  compared  with  current  geophysical  models. 
A  prograde  periodic  variation  (period  »  420  days),  which  may  be  related 
to  the  theoretical  free  core  nutation,  is  apparently  seen. 


1.  Introduction 

The  nutational  motion  of  the  Earth's  axis  of  figure  is  modeled  by  theories 
based  initially  on  descriptions  of  the  motion  of  a  rigid  Earth  caused  by 
luni-solar  torques  (Woolard  1953,  Kinoshita  1977,  Zhu  and  Groten  1989, 
Souchay  and  Kinoshita  1990) .  Corrections  computed  from  geophysical 
theories  (Wahr  1981,  Molodenskiy  and  Kramer  1987,  Mathews  et  al.  1989, 
Dehant  1990,  Zhu  et  al.  1990)  are  applied  to  the  rigid  Earth  models  in 
order  to  produce  non-rigid  Earth  nutation  models  (e.  g.  ZMOA-1990  in 
Herring  1990)  describing  the  actual  motion  of  the  Earth  more  closely. 

The  International  Earth  Rotation  Service  (lERS)  Standards  (McCarthy  1989) 
recommends  the  use  of  the  1980  lAU  Nutation  Theory  (Seidelmann  1982)  based 
on  the  Wahr  model  (Wahr  1981).  however,  astronomical  observations  made 
by  using  Very  Long  Basline  Interferometry  (VLBI)  and  Lunar  Laser  Ranging 
(LLR)  of  the  nutation  angles  rl>  (longitude)  and  c  (obliquity)  show 
discrepancies  (d\J  and  d«)  with  the  model. 

Complicating  the  analysis  of  the  observations  is  the  possible  existence 
of  the  free  core  nutation  (FCN),  which  has  sometimes  been  referred  to  as 
the  nearly  diurnal  free  wobble.  This  motion,  due  to  the  rotating, 
elliptical,  fluid  core,  should  appear,  according  to  Sasao  and  Wahr  (1981) 
as  a  retrograde  periodic  variation  in  nutation  with  a  period  of  about  460 
sidereal  days. 


2.  Nutation  Observations 

The  observations  of  d^  and  de  from  the  CALC  7.1  solution  of  International 
Radio  Interferometric  Surveying  (IRIS)  five-day  VLBI  data  set,  as  provided 
by  the  National  Geodetic  Survey  (NGS)  {NEOS  Annual  Report  for  1989,  p.  3), 
were  used.  Nutation  observations  from  the  CALC  7.1  solution  of  the 
Crustal  Dynamics  Project  (CDF)  VLBI  data  set,  as  provided  by  the  National 
Aeronautics  and  Space  Administration  (NASA)  at  Goddard  Space  Flight 
Center,  were  also  utilized  (lERS  Annual  Report  for  1989).  NASA  made  two 
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VLBI  solutions:  one  with  the  plate  motion  fixed  and  one  with  the  plate 
motion  treated  as  a  "solve  for"  variable. 

Nutation  coefficients  can  also  be  obtained  from  LLR  observations 
(Williams  et  al.  1990).  These  coefficients  are  not  produced  for  every 
observation,  as  is  the  case  with  the  VLBI  data,  but  are  instead  produced 
when  a  global  solution  is  made.  Due  to  the  sparse  nature  of  the  LLR  data, 
it  is  not  possible  to  determine  a  full  set  of  nutation  coefficients. 
However,  the  long  span  of  data  makes  it  useful  in  the  attempt  at 
separating  the  precession  term  from  the  main  18. 6 -year  nutation  term. 


3.  Computation  of  Nutation  Coefficients 

In  step  1,  the  separate  VLBI  solutions  were  used  in  simultaneous  least- 
squares  solutions  to  determine  a  bias,  rate,  and  corrections  to  the 
primary  18. 6 -year  periodic  term  in  nutation  for  both  6\j>  and  dc  for  each 
series.  In  step  2,  the  observations  are  adjusted  by  the  corrections  found 
in  step  1  and  a  solution  is  made  for  the  high-frequency  (periods  less  than 
nine  years)  terms  only.  Final  estimates  were  then  obtained  by  iterating 
steps  1  and  2  for  the  long-  and  short-period  terms,  including  the  420-day 
term,  until  convergence  was  obtained. 

When  the  final  nutation  coefficients  were  determined  for  each  of  the  VLBI 
series,  they  were  combined  with  the  coefficients  provided  by  LLR  (Williams 
et  al,  1990).  In  this  combination,  the  results  from  only  one  NASA  series 
(the  fixed)  were  included  to  avoid  overweighting  the  NASA  CDP  solution. 
As  can  be  seen  in  Tables  II,  III,  and  IV,  there  is  no  significant 
difference  between  the  two  NASA  CDP  series.  A  weighted  mean  was  computed 
for  each  of  the  coefficients,  where  the  weight  is  the  inverse  square  of 
the  formal  error.  The  results  are  shown  in  Tables  I,  II,  and  III.  The 
error  listed  is  a  combination  of  the  internal  errors  of  the  contributors 
to  the  mean  and  the  standard  error  of  the  weighted  mean.  Tliere  appear  to 
be  significant  unexplained  differences  between  VLBI  and  LLR  coefficients. 


Table  I.  Correction  in  bias  and  slope  to  the  dip  and  dc  found  from  the 
analysis  of  the  VLBI  and  the  LLR  nutation  series.  The  units  of  the 
coefficients  are  msec,  of  arc  for  bias  and  msec,  of  arc/century  for 
slope . 


IRIS 

NASA 

(Fixed) 

NASA  (Free) 

LLR 

HEAR 

Bias 

-37.2  ± 

2.5 

-38.6 

±  3.1 

-37.7  ±  3.1 

-37.8  ± 

2.1 

Slope 

-274.6  ± 

17.6 

-295.0 

±  21 .3 

-288.8  t  21.2 

-260  t  50 

-282.7  ± 

14.8 

de 

Bias 

-5.1  * 

0.9 

-4.6 

±  1.4 

-5.2  ±  1.4 

-5.0  ± 

0.8 

Slope 

-11.1  ± 

6.5 

-6.8 

±  9.9 

-11.0  ±  9.8 

-9.8  ± 

5.8 
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T&ble  II.  Free  Core  Nutation  model  derived  from  IRIS  and  NASA  VLSI 
observations.  The  coefficients  are  in  the  sense  of  a  sin^  +  b  cqs6 
where  6  -  2?r(MJD-51544.5)/A20.0.  The  units  of  the  coefficient  are 
msec,  of  arc. 

IRIS  NASA  (Fixed)  NASA(Free)  MEAN 

d^ 

a  0.859  ±  0.085  1.012  ±  0.084  1.013  ±  0.084  0.936  ±  0.097 

b  -0.122  ±  0.086  -0.214  ±  0.085  -0.223  ±  0.085  -0.169  ±  0.076 

dc 

a  0.160  ±  0.033  0.201  ±  0.031  0.200  ±  0.031  0.182  ±  0.030 

b  0.281  ±  0.034  0.227  ±  0.031  0.227  i  0.031  0.252  ±  0.035 


i 
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Table  III.  Corrections  to  the  nutation  terms  dip  and  de  found  from  the 
analysis  of  the  VLSI  and  the  LLR  solutions.  The  units  of  the 
coefficients  are  msec,  of  arc. 


COMIECTIOHS  IM  LONGITUDE 


MULTIPLE  OF 

IRIS  NASA  (Fixtd)  NASA 

(Frse) 

LLR 

MEAN 

L 

L' 

F 

D 

0  Caeff. 

PERIOD 

(DAYS) 

(0.001")  (0.001")  (0, 

.001") 

(0.001") 

(0.001") 

0 

0 

0 

0 

1 

sin 

6798.1 

-A. 11 

0.55  -4.67  ± 

0.58  -4.43 

:t 

0.38 

-8.5 

±  4.0 

-4.57 

£ 

0.49 

cos 

1.33 

± 

0.47  5.88  ± 

0.60  5.74 

± 

0.60 

3.8 

±  4.8 

5.04 

* 

0.60 

0 

0 

2 

-2 

2 

sin 

162.6 

1.300 

0.084  1.314  ± 

0.079  1.510 

t 

0.079 

1.507 

£ 

0.058 

cos 

-1.241 

± 

0.083  -1.240  ± 

0.082  -1.241 

0.082 

-1.240 

£ 

0.059 

0 

0 

2 

0 

2 

sin 

13.7 

-0.298  ± 

0.145  -0.626  ± 

0.153  -0.626 

a 

0.154 

-0.453 

£ 

0.195 

cos 

-0.211 

± 

0.145  -0.122  ± 

0.154  -0.101 

± 

0.154 

-0.169 

£ 

0.115 

0 

0 

0 

0 

2 

sin 

3399.2 

0.039 

0.062 

0.047 

0.060 

cos 

-0.068 

-0.085 

-0.054 

-0.076 

0 

1 

0 

0 

0 

sin 

363.3 

3,079 

± 

0.087  5.310  ± 

0.086  5.306 

£ 

0.086 

5.0 

±  2.0 

5.196 

£ 

0.102 

cos 

0.987 

± 

0.085  1.334  ± 

0.084  1.321 

£ 

0.084 

1.163 

£ 

0.183 

1 

0 

0 

0 

0 

sin 

27.6 

-0.133 

± 

0.084  -0.119  t 

0.079  -0.125  ± 

0.079 

-0.127 

£ 

0.058 

cos 

-0.105 

0.085  -0.143  ± 

0.082  -0.140 

£ 

0.062 

-0.125 

0.062 

0 

1 

2 

-2 

2 

sin 

121.7 

0.100 

± 

0.084  -0.122  ± 

0.080  -0.115 

£ 

0.081 

-0.016 

£ 

0.125 

cos 

-0.036 

t 

0.085  0.046  ± 

0.080  0.042 

£ 

0.080 

0.007 

£ 

0.071 

0 

0 

2 

0 

1 

sin 

13.6 

-0.534 

± 

0.143  -0.359  ± 

0.156  -0.360 

£ 

0.156 

-0.454 

£ 

0.337 

cos 

-0.144 

± 

0.146  0.021  ± 

0.152  -0.006 

£ 

0.152 

-0.065 

£ 

0.134 

1 

0 

2 

0 

2 

sin 

9.1 

-0.317 

0.084  -0.287  i 

0.080  -0.290 

£ 

0.080 

-0.301 

£ 

0.063 

cos 

-0.217 

± 

0.C34  0.014  1 

0.080  -0.003 

£ 

0.080 

-0.096 

£ 

0.129 

CORKECTIOHS  IH  OBLIQUITY 


MULTIPLE  OF 

IRIS 

NASA  (Fixed) 

NASA 

(Free) 

LLR 

MEAN 

L 

L' 

F 

0 

n  Cosff. 

PERIOD 

(DAYS) 

(0.001") 

(0.001") 

(0.001") 

(0. 

,001") 

(0.001") 

0 

0 

0 

0 

1 

Sin 

6798.4 

1.97 

1 

0.20 

2.23 

± 

0.27 

2.12 

£ 

0.27 

1.2 

±  1.9 

2.06 

£ 

0.19 

cos 

2.75 

£ 

0.17 

2.75 

£ 

0.28 

2.83 

£ 

0.28 

0.4 

±  1.9 

2.74 

£ 

0.19 

0 

0 

2 

-2 

2 

sin 

182.6 

-0.419 

£ 

0  033 

-0.446 

£ 

0.029 

-0.443 

£ 

0.029 

-0.434 

£ 

0.026 

cos 

-0.497 

£ 

0.033 

-C.513 

£ 

0.030 

-0.511 

£ 

0.030 

-0.506 

£ 

0.024 

0 

0 

2 

0 

2 

sin 

13.7 

-0.153 

£ 

0.057 

-0.187 

£ 

0.056 

-0.181 

£ 

0.056 

-0  170 

£ 

0.043 

cos 

0.207 

£ 

0.057 

0.240 

£ 

0.056 

0.234 

£ 

0.056 

0.224 

£ 

0.043 

0 

0 

0 

0 

2 

sin 

3399.2 

-0.012 

-0.015 

-0.014 

-0.013 

cos 

-0.036 

-0.036 

-0.037 

-J.036 

0 

1 

0 

0 

0 

sin 

365.3 

-0.263 

£ 

0.034 

-0.252 

£ 

0.031 

-0.253 

£ 

0.032 

-0.257 

£ 

0.024 

cos 

1.988 

£ 

0.033 

1.993 

£ 

0.031 

1.994 

£ 

0.031 

1.6 

±  1.1 

1.990 

£ 

0.023 

1 

0 

0 

0 

0 

sin 

27.6 

0.039 

£ 

0.033 

0.021 

£ 

0.029 

0.022 

£ 

0.029 

0.029 

£ 

0.024 

cos 

-0.034 

£ 

0.033 

-0.068 

£ 

0.030 

-0.069 

£ 

0.030 

-0.053 

£ 

0.028 

0 

1 

2 

-2 

2 

sin 

121.7 

-0.102 

£ 

0.033 

-0.023 

£ 

0.030 

-0.025 

£ 

0.030 

-0.059 

£ 

0.045 

cos 

0.081 

£ 

0.033 

0.073 

£ 

0.029 

0.075 

£ 

0.029 

0.076 

£ 

0.022 

0 

0 

2 

3 

1 

sin 

13.6 

-0.030 

£ 

0.056 

0.058 

£ 

0.057 

0.C54 

£ 

0.057 

0.010 

£ 

0.062 

cos 

0.121 

±  0.057 

0.147 

£ 

0.056 

0.149 

£ 

0.056 

0.134 

£ 

0.042 

1 

0 

2 

0 

2 

sin 

9.1 

-0.035 

0.033 

0.005 

£ 

0.029 

0.006 

£ 

0.029 

-0.012 

£ 

0.029 

cos 

0.067 

£ 

0.033 

0.029 

£ 

0.029 

0.032 

£ 

0.029 

0.046 

£ 

0.029 

A .  Comparisons 

Table  IV  compares  the  observed  corrected  constants  with  theoretical  rigid 
and  non-rigid  Earth  values  of  various  authors.  Recall  that  the  nutation 
angles  can  be  represented  by 

Ip  -  ip^  sin  8  +  ip^  cos  8, 

€  -  cos  ^  +  £,  sin  8 , 
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where  and  correspond  to  the  estimates  shown  in  Table  IV.  Here,^ 
represents  any  of  the  principal  angular  nutation  argisnents. 


Table  IV.  Comparison  of  theoretical  models  with  the  observed  values. 
Note  that  the  models  of  Kinoshita  and  Kinoshita  and  Souchay  are  for 
a  rigid  Earth.  The  column  labelled  lAU  lists  the  1980  lAU  Nutation 
Theory  coefficients.  The  units  are  sec.  of  arc. 


'f’r 


Period 

Kinoshita 

Kinoshita 

lAU 

This 

ZMOA 

Moled enskiy 

Dehant 

Zhu  & 

(days) 

&  Souchay 

Paper 

1990 

&  Kramer 

Groten 

9.1 

-0.029S 

-0.0296 

-0.0301 

-0.030* 

-0.0301 

-0.0302 

- 

-0.0302 

13.6 

-0.0378 

-0.0379 

-0.0386 

-0.0391 

-0.087 

- 

- 

-0.0389 

13.7 

-0.2213 

-0.2216 

-0.227* 

-0.2279 

-0.22'»6 

-0.2275 

-0.2260 

-0,2282 

27.6 

0.0678 

0.0678 

0.0712 

0.0711 

0.0711 

0.0711 

- 

0.0712 

121.7 

-0.0500 

-0.0*98 

-0.0517 

-0.0517 

-0.0517 

-0.0517 

- 

-0.0518 

182.6 

-1.2775 

-1.2732 

-1.3137 

-1.3172 

-1.3172 

-1.3178 

-1.3138 

-1.3172 

365.3 

0.1255 

0,1255 

0.1*26 

0.1*78 

0.1*76 

0.1*72 

0.1464 

0.1*7* 

3399.2 

0.2079 

0.2090 

0.2062 

0.2063 

0.2075 

0.2062 

- 

0.207* 

6798.* 

-17,2815 

-17.2807 

-17.1996 

-17.20*2 

-17.2053 

-17.2058 

-17.2097 

-17.2062 

Period 

Kinoshita 

Kinoshita 

lAU 

This 

ZMOA 

Molodenskiy 

Dehant 

Zhu  & 

(days) 

&  Souchay 

Paper 

1990 

&  Kramer 

Groton 

9.1 

0.0126 

0.0126 

0.0129 

0.0129 

0.0129 

0.0129 

- 

0.0129 

13.6 

0.019* 

0.019* 

0.0200 

0.0201 

0.0201 

- 

- 

0.0201 

13.7 

0.09*9 

0.0950 

0.0977 

0.0979 

0.0978 

0.0978 

0.0973 

0.0931 

27.6 

-0.0010 

-0.0010 

-0.0007 

-0.0008 

-0.0007 

-0.0007 

- 

-0.0007 

121.7 

0.0216 

0.0216 

0.022* 

0.0225 

0.022* 

0.022* 

- 

0.0225 

182.6 

0.553* 

0.553* 

0.5736 

0.5731 

0.5731 

0.573* 

0.5716 

0.5732 

365.3 

-0.0001 

-0.0001 

0.005* 

0.007* 

0.0073 

0.0072 

0.0069 

0.0072 

3399.2 

-0.0902 

-0.0903 

-0.0895 

-0.0395 

-0.0898 

-0.0895 

- 

-0.0898 

6798.* 

9.2276 

9.2286 

9.2025 

9.2052 

9.2051 

9.20*5 

9.2066 

9.2053 

5.  Discussion 

The  large  unexplained  differences  between  the  coefficients  derived  from 
VLBI  and  those  derived  from  LLR  point  to  the  possibility  of  systematic 
errors  in  both  techniques.  Ignoring  possible  systematic  errors,  then,  it 
would  appear  that  VLBI  observations  of  the  major  components  of  the 
variation  of  ^sinto  and  f  are  precise  to  better  than  ±0.1  msec,  of  arc. 
Combining  VLBI  and  LLR  results  shows  that  the  accuracy  of  the  derived 
nutation  coefficients  is  better  than  ±1.0  msec,  of  arc. 

The  420-day  term  is  included  because  it  is  statistically  significant  in 
the  analysis  of  the  residuals.  One  might  suspect  that  this  is  evidence 
for  the  FCN,  which  would  be  expected  to  contribute  a  variation  in  the 
observations  with  a  period  of  about  460  sidereal  days.  The  observed 
motion  is  mainly  prograde,  contrary  to  the  expected  motion  (Sasao  and  Wahr 
1981)  with  the  prograde  amplitude  being  0.33(±0.03)  msec,  of  arc  and  the 
retrograde  being  0.08(±0.03)  msec,  of  arc.  Herring  (1987)  mentions  the 
FCN  term  but  finds  that  its  amplitude  is  too  small  to  be  included  in  his 
solution.  Zhu,  eC  al.  (1990)  finds  a  433.2-day  term  which  they  call  free 
core  nutation.  Additional  study  is  necessary  to  explain  the  difference 
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in  observed  direction  of  rotation  in  the  FCN  term  between  theory  and 
obseirvation. 


6.  Conclusion 

The  solution  for  luni-solar  nutation  presented  here  combines  VLSI  and  LLR 
observations.  The  rms  of  the  fit  with  respect  to  the  observations  in 
\Jsin£(,  and  e  are  at  the  level  of  about  ±0.6  milliseconds  of  arc.  Accuracy 
of  the  derived  constants,  as  well  as  the  agreement  between  the  fit  to  the 
observations  and  theory,  seems  to  be  at  the  level  of  about  ±1.0 
millisecond  of  arc  in  ;6sin£o  and  e. 

Using  only  data  from  MJD  45700  (January  1984),  a  prograde  "free  core 
nutation"  term  is  found  with  a  period  of  420  days  and  amplitude  of  0.33 
msec,  of  arc. 
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THE  EXTRAGALACTIC  REFERENCE  FRAME 

Dennis  D.  McCarthy  (USNO) 

Jane  Russell  (NRL) 

Brent  Archinal  (USNO) 

Merri  Sue  Carter  (USNO) 

Dave  Florkowski  (USNO) 

Ellis  Holdenried  (USNO) 

Ken  Johnston  (NRL) 

Zhen-Guo  Yao  (USNO) 

ABSTRACT.  A  cooperative  program  has  been  established  to 
produce  a  reference  frame  of  at  least  400  suitable 
extragalactic  sources.  This  is  an  extension  of  collaborative 
efforts  (Johnston  et  al.,  Russell  et  al.,  Ma  et  al.,  and 
Reynolds  et  al.)  reported  at  this  meeting.  In  Phase  One,  a 
catalog  of  radio  source  positions  will  be  constructed  using 
original  VLBI  observations  already  obtained  by  NASA,  NGS,  NRL, 
JPL  and  USNO.  Observations  will  be  re-reduced  in  a  consistent 
system  to  avoid  some  of  the  more  serious  problems  associated 
with  the  formation  of  compilation  catalogs.  In  Phase  Two,  the 
USNO  will  maintain  the  system,  including  the  monitoring  of 
source  structure  and/or  variation.  During  both  phases 
cooperation  among  the  various  agencies  will  continue.  A  list 
of  sources  will  be  made  available  to  optical  observers  so  that 
the  frame  will  have  benchmarks  in  both  the  optical  and  radio 
regimes. 


1.  Introduction 

The  lAU  Working  Group  on  the  Radio/Opticai  Reference  Frame  was 
established  in  recognition  of  the  importance  of  an 
extragalactic  radio  reference  frame  to  the  improvement  of  the 
optical  one.  In  Argue  et  al.  (1984),  the  working  group 
published  a  list  of  233  sources  with  positions  compiled  from 
several  published  radio  catalogs  as  a  starting  point.  The 
importance  of  the  completion  and  maintenance  of  the 
Extragalactic  Reference  System  Catalog  was  emphasized  at  a 
recent  workshop  on  the  Celestial  Reference  System  sponsored 
by  the  National  Earth  Orientation  Service  and  held  at  the  U. 
S.  Naval  Observatory  (USNO) .  While  all  agreed  on  the 
importance  of  an  on-going  reference  frame  program  and  all  had 
made  observations  which  were  useful  for  it,  none  of  the 
agencies  represented  had  long  term  plans  for  maintaining  the 
catalog  for  astronomy. 
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The  current  Navy  program  (Johnston,  et  al.,  1988),  is  the 
only  active  program  whose  goal  is  to  produce  an  extragalactic 
radio  frame  suitable  for  ties  to  the  other  astronomical 
reference  frames,  although  others  have  announced  plans  toward 
the  same  goal.  The  Navy  program  incorporates  some  data  which 
had  been  obtained  previously  for  other  purposes  (e.g.  Crustal 
Dynamics  Program  (CDP) ,  IRIS)  and  new  data  obtained  solely  for 
the  reference  frame  project,  all  with  the  cooperation  of 
individuals  from  several  agencies  (NRL,  USNO,  NASA/CDP, 
NASA/JPL,  NOAA/NOS/NGS)  and  countries  (USA,  Australia, 
Germany,  Japan,  South  Africa) .  Optical  positions  of  the 
sources  having  optical  counterparts  are  also  being  measured 
as  part  of  the  current  program.  In  accordance  with  the  goal 
of  providing  a  radio/optical  tie-in,  the  RA  zero  point  for  the 
extragalactic  radio  reference  frame  is  fixed  using  positions 
of  optical  counterparts  of  28  quasars  in  the  system  of  the 
FK5. 

The  aim  of  the  Navy  program  is  to  establish  a  reference 
system  of  at  least  400  extragalactic  sources  (about  one  per 
100  square  degrees) ,  which  are  compact,  have  a  flat  spectrum 
in  the  radio,  display  optical  emission,  and  are  evenly 
distributed  about  the  sky.  It  began  in  1987  with  a  5-yr  plan. 
As  of  September,  1989,  347  sources  have  been  observed  in  VLSI 
geodetic  or  astrometric  experiments.  The  maintenance  of  the 
large  data  bases  for  this  work  have  been  done  as  a  cooperative 
effort  with  the  NASA  Crustal  Dynamics  Project,  scheduled  to 
end  in  December  1991. 

The  radio  positions  published  so  far  are  in  Ma,  et  al. 
(1990,  182  sources)  and  Russell,  et  al.  (1991a,  55  more; 
1991b,  39  more  for  a  total  of  276  published  sources) .  At  a 
recent  workshop  on  the  Celestial  Reference  System  sponsored 
by  the  National  Earth  Orientation  Service  and  held  at  the 
Naval  Observatory  participants  concluded  that  a  standard  VLBI 
reference  system  should  be  created,  maintained  and  related  to 
other  systems.  While  other  catalogs  of  radio  source  positions 
exist,  none  are  comprehensive  and  most  were  created  for  other 
purposes,  solving  for  various  other  parameters  in  their 
derivations.  The  proposed  catalog  would  fill  this  need  for 
the  entire  astronomical  community. 


2.  Objectives 

The  object  of  this  program  is  to  assume  responsibility  for  the 
production  and  maintenance  of  a  standard  celestial  reference 
frame  defined  by  VLBI  observations  of  extragalactic  radio 
sources.  This  project  will  be  a  joint  USNO/NRL  project  with 
extensive  cooperation  among  other  agencies  (NASA/GSFC,  NGS, 
NASA/JPL,  CSIRO,  and  Hamberger  Sternwarte) .  At  the  beginning 
of  the  project  much  of  the  work  will  be  performed  at  NRL  but 
transition  to  operation  at  USNO  will  begin  immediately. 
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Complete  transition  to  an  operational  USNO  program  will  occur 
at  the  beginning  of  1993.  The  project  can  be  considered  to 
be  divided  into  two  separate  phases. 

Phase  One  is  the  initialization  of  the  radio  program  at 
USNO.  This  will  consist  of  establishing  a  data  base  with  all 
available  dual  frequency  Mark  III  VLBI  data  at  USNO.  This 
will  be  the  Crustal  Dynamics  Data  Base  with  small 
modifications  for  precise  astrometric  analysis  or  something 
very  similar  to  the  CDP  data  base.  The  software  necessary  to 
reduce  this  data  currently  used  in  the  Navy  program  will  be 
reviewed  with  the  aim  of  establishing  a  uniform  set  of 
software  for  the  program.  There  are  two  objectives  in  Phase 
One.  First,  an  initial  catalog  of  source  candidates  and 
source  positions  from  the  present  data  base  will  be  chosen. 
This  work  will  supercede  the  Argue  et  al .  list  and  give  a 
preliminary  reference  frame.  Second,  a  first  catalog  of  radio 
source  positions  of  all  400  sources  and  alternates  will  be 
produced. 

This  First  Radio  Reference  Frame  Catalog  will  be  reduced  in 
a  consistent  system  by  NRL/USNO  personnel  using  all  the 
collected  data  in  the  data  base  to  avoid  some  of  the  problems 
associated  with  previous  compilation  catalogs.  In  Phase  One 
of  the  program,  the  universal  radio  data  base  will  be 
established  at  USNO  and  the  software  algorithms  necessary  to 
produce  excellent  astrometric  results  from  this  data  base  will 
be  verified.  Observations  will  be  ongoing.  Phase  One  is 
expected  to  end  in  1992. 

In  Phase  Two,  following  the  initial  catalog,  the  USNO  will 
make  VLBI  observations  to  density  and  maintain  the  system. 
The  monitoring  of  source  structure  and/or  variation  will  be 
carried  out  by  NRL/USNO.  Most  of  these  observations  would  be 
made  in  conjunction  with  routine,  observations  made  for  the 
determination  of  Earth  orientation.  Use  of  the  VLBA  by 
NRL/USNO  would  be  anticipated  to  investigate  possible  source 
structure  problems.  Observations  required  to  improve 
celestial  reference  frame  ties  would  continue  to  be  made  by 
USNO/NRL.  These  might  include,  for  example,  observations  of 
radio  stars  in  radio  and  optical  wavelengths,  optical 
observations  of  quasars,  radio  observations  of  solar  system 
objects,  millisecond  pulsar  observations,  etc.  During  both 
phases,  cooperation  among  the  various  agencies  would  continue. 


3.  Specifications 

The  VLBI  reference  frame  will  consist  of  the  positions  of 
approximately  400  sources  distributed  evenly  in  the  sky 
(Figure  1) .  The  accuracy  of  these  positions  exceed  the  level 
of  ±1  millisecond  of  arc.  The  frame  will  be  updated  annually 
with  announcements  of  problems  which  may  be  caused  by  varying 
scarce  structure  or  brightness.  Complete  revisions  of  the 
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system  will  occur  approximately  every  five  years.  The  zero 
point  of  the  right  ascension  coordinate  will  be  specified  by 
the  lAU  working  group  on  origins.  The  pole  is  to  be  defined 
by  the  lERS  pole  or  an  alternate  proposed  by  the  lAU  Working 
Group  on  Reference  Systems.  lERS  standards  will  be  used  in 
the  solutions  unless  specified  otherwise.  If  other  values  for 
critical  constants  or  procedures  are  used  other  than  the  lERS 
values,  they  will  be  described  in  full  detail. 


4S.  Conclusions 

The  proposed  catalog  could  serve  as  the  radio  source  catalog 
for  use  as  the  extragalactic  reference  frame.  Phase  one,  to 
be  completed  in  1992,  will  produce  a  catalog  of  400  sources 
all  reduced  in  the  same  system.  Phase  Two  will  continue  this 
work  with  periodic  updates. 
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A  Source  of  Systematic  Error,  A6„,  in  Absolute  Catalogs 
Compiled  from  Meridian  Circle  Observations 

M.Miyamoto  and  S. Suzuki 
National  Astronomical  Observatory 
Mitaka,  Tokyo  181,  Japan 

Abstract 

Automated  photoelectric  meridian  circles  are  able  nowadays  to  have  the  full  set 
of  graduation  errors  of  the  declination  circle  determined  within  a  few  days.  Thus, 
the  modern  meridian  circles  can  be  monitored,  and  the  annual  and  secular  changes 
of  the  graduations  can  be  easily  detected  to  provide  the  graduation  corrections  at 
any  date.  In  order  to  remove  systematic  declination  errors  in  the  form  A5a  from 
absolute  catalogs,  these  continuous  changes  should  be  taken  into  account. 

Background 

The  meridian  circle  has  been  one  of  the  main  instruments  on  the  ground  for  re¬ 
alizing  the  absolute  stellar  reference  frame  tieing  it  to  the  dynamical  reference 
frame  defined  by  the  planetary  ephemerides.  In  meridian  circle  work,  the  attitude 
of  the  telescope  (the  so-called  instrumental  constants  such  as  nadir,  azimuth,  col- 
limation,  flexure,  etc.  of  the  telescope)  is  calibrated  frequently  through  the  night 
during  an  observational  tour,  in  a  consistent  fashion.  Therefore,  the  attitude  of  the 
telescope  is  considered  as  known  at  any  observational  instant. 

However,  the  calibration  of  the  graduations  of  the  declination  circle,  with 
which  the  declination  measurement  is  made,  has  been  handled  quite  differently. 
Since  a  full  determination  of  the  graduation  errors  required  lengthy  effort  for  the 
classical  meridian  circle,  the  determination  has  usually  been  carried  out  only  once 
in  several  years  in  each  observing  program  or  at  best,  once  a  year.  Thus,  if  the 
diurnal,  annual,  and  secular  changes  of  the  graduations  went  undetected  during 
a  long-period  observing  program,  then,  these  changes  would  have  c<iused  systematic 
errors  in  the  declination  system  of  the  compiled  absolute  catalog. 

In  the  fully  automated  photoelectric  meridian  circle,  the  entire  set  of  grad¬ 
uations  can  be  calibrated  within  a  few  days  (Einicke  et  al.  1971,  and  Miyamoto 
and  Suzuki  1985).  In  the  case  of  the  Tokyo  Photoelectric  Meridian  Circle 
(hereafter  referred  to  as  Tokyo  PMC)  with  a  declination  circle  of  3600  divisions, 
Miyamoto  et  al.  (1986)  have  shown  that  the  amplitude  of  the  annual  change  in  the 
“circle  error”  amounts  to  about  0!'05.  (Fig.l).  Since  this  amount  of  change  would 
cause,  in  compiling  a  modern  absolute  catalog  of  stellar  positions,  a  systematic 
declination  error  A6a  depending  on  the  season,  that  is,  on  right  ascension,  the 
annual  change  of  all  the  graduations  is  approximated  by  the  use  of  sinusoidal  curves 
and  is  corrected  the  annually  published  observational  catalogs  of  the  Tokyo  PMC'. 

Since  1985,  all  of  the  3600  divisions  of  the  Tokyo  PMC  have  been  calibrated  with 
a  frequency  of  one  or  two  times  a  month  during  our  regular  observing  program. 
Recently,  we  have  found  that  the  annual  change  of  the  graduations  is  clearly  different 
in  its  amplitude  and  phase  from  year  to  year,  that  is,  the  set  of  graduations  is 
changing  secularly  as  well(Fig.2).  Since  the  meridian  observation  of  stars  and 


members  of  the  solar  system  in  an  observing  program  is  usually  carried  out  over 
several  years  (the  Washington  series,  for  example),  not  only  the  annual  change, 
but  also  the  secular  change  should  be  taken  into  account  in  compiling  an  absolute 
catalog  of  stellar  positions. 

In  compiling  an  absolute  catalog,  we  need  daytime  observations  of  the  sun,  plan¬ 
ets,  and  bright  stars.  Usually,  the  day-  and  nigh.t-  observations  have  presupposed 
the  constancy  of  the  graduations  within  the  24hour  day,  whatever  the  temperature 
difference  may  be.  But,  it  is  not  unusual  to  find  temperature  differences  larger  than 
10°C  within  a  24hour  observing  period.  Thus,  the  cibove  finding  implies  further  the 
possibility  of  a  diurnal  change  of  the  graduation  errors  as  well. 

Based  on  the  fact  that  the  dominant  contributions  of  the  diameter  errors  in 
the  Tokyo  PMC  are  always  limited  to  the  Fourier  components  with  harmonics  lower 

than  lO*'*',  we  have  applied  a  simplified  method  of  graduation  measurement  to  detect 
the  diurnal  change  of  only  these  dominant  components.  The  measurement,  whose 
cycle-time  is  15  minutes,  was  carried  out  during  a24hour  period  in  Feb.  198C(Fig.3). 
We  have  proved  that  the  diurnal  change  of  the  graduations  is  fortunately  negligible 
(Miyamoto  ei  al.  1986). 


Figure  1.  A  Seasonal  Change  of  the  Circle  Errors 

Two  sets  of  circle  corrections  (with  opposite  sign  to  the  ciicle  errors)  derived  from  the  diameter 
corrections  in  Fig.l  are  illustrated.  Tltesc  corrections  to  be  added  to  900  circle  readings  respective  y 
are  given  as  a  function  of  the  luinibering  (n  =  1. 2.3.  •  •  ■  .900)  of  the  circle  readings.  The  ligure  shows 
the  circle  errors  dependent  on  the  .season. 

Note  :  Averaging  each  set  of  two  readings  of  3000  divisions  separated  by  180^',  we  have  1800 

diameter  re.adings.  Averaging  again  each  set  of  four  readings  of  3600  divisions  separat-d  bj 
90",  we  have  900  circle  readings.  In  routine  obseivations,  only  these  900  circle  readings  are 
used, which  are  distinguished  by  the  numbering  »  =  1.2.3.  .900,  Thus,  we  need  900 

circle  corrections  al  any  observational  instant  (.1.1).). 
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Figure  2.  A  Secular  Change  of  the  Circle  Errors 

As  is  shown  in  Fig.l,  all  the  circle  errors  (in  total  900)  change  cuinually  in  a  characteristic  sinusoidal 
fashion.  But,  the  amplitude  and  phase  of  the  sinusoidal  curve  is  different  from  year  to  year.  That  is, 
the  circle  errors  (and  therefore,  the  graduations)  are  changing  secularly.  The  figure  shows  the  secular 
change  superposed  on  the  annual  one  of  the  circle  errors  for  the  7i‘’‘  circle  readings  indicated.  In  th..> 
figure,  months  and  years  are  indicated  along  the  abscissa.  The  symbol  ♦  indicates  measurements, 
and  a  semiannually  overlapped  smoothing  is  applied.  These  continuous  changes  of  the  circle  errors 
will  be  corrected  in  the  Tokyo  PMC  Catalogs. 
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1986/  2/12  (  3:  28) -1986/  2/13  (  8:43) 


Figure  3.  A  diurnal  change  of  the  diameter  errors  obtained  on  12-13  February  1986 
Tlie  ordinate  denotes  the  amplitude  (in  arcsec)  of  each  harmonic  component  of  the  diameter  errors 
and  the  temperature  (°C),  and  the  abscissa  the  hours  in  Japan  Standard  Time.  The  components 
of  respective  harmonics  are  plotted  by  the  corresponding  harmonic  numbers  every  15  minutes  (♦ 
indicates  the  10“'  harmonic  component).  This  experiment  was  carried  out,  with  the  dome-slit  opened 
on  a  clear  day.  One  finds  no  obvious  correlation,  within  the  measuring  error,  of  the  diameter  errors 
with  the  temperature. 

Note  ;  Only  even  harmonic  Founer  components  of  the  diameter  errors  contribute  to  the  circle  errors. 


Nowadays,  we  can  determine  the  graduation  errors  within  an  accuracy  of  ±0."01 
on  any  date.  The  annual  and  secular  changes  of  the  graduations  will  be  taken  into 
account  in  the  Tokyo  PMC  Absolute  Catalog. 
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EVIDENCE  OF  SYSTEMATIC  ERRORS  IN  FK5 


L.V.  Morrison  (RGO),  R.W.  Argyle  (RGO),  Y.  Requicme  (Bordeaux), 

L.  Helmer  (GUO).  C.  Fabricius  (GUO),  O.H.  Einickc  (GUO), 

M. E.  Buontempo  (RGO),J.L.  Muinos  (ROA),  M.  Rapaport  (Bordeaux) 

The  primary  purpose  of  the  FK5  is  to  provide  an  absolute 
optical  reference  frame  against  which  to  measure  the  posi¬ 
tions  and  motions  of  other  objects.  One  of  the  main  tasks  of 
meridian  circles  is  to  check  and  improve  that  reference  frame 
by  repeated  observation  of  the  fundamental  stars.  The  merid¬ 
ian  circle  at  Bordeaux,  France  and  the  Carlsberg  Automatic 
Meridian  Circle  ((2AMC)  at  La  Palma  are  carrying  out  prog¬ 
rammes  of  observation  of  FK5  stars  partly  with  this  aim  in 
view. 

The  positions  from  which  the  systematic  differences  are  de¬ 
rived  are  the  means  of  at  l6ast  10,  but  normally  about  $0 
(Bordeaux)  and  50  (CAMC),  independent  observations  of 
each  FK5  star  made  in  the  period  1984-87.  The  systematic 
difierenccs  arc  di-splayed  in  pairs  of  3-dim cnsional  plots, 
Bordeaux-FK5  and  CAMC-FK5.  The  similarities  of  the  cor¬ 
responding  pairs  of  plots  is  striking,  particularly  in  declination. 
This  implies  that  systematic  errors  exist  in  the  FK5  which 
reach  about  0^1  in  places  at  the  epoch  1986.0. 

A  discussion  of  the  results  of  other  contemporary  meridian 
circles  and  astrolabes  at  dilfcrcnt  latitudes  is  required  in 
order  to  arrive  at  definitive  corrections  to  the  FK5.  Perhaps 
this  should  be  done  before  fitting  the  zero  points  of  the 
Hipparcos  catalogue  to  the  FK5  system. 


> 


CLOSE  APPROACH  ASTROMETRY 
A  Method  for  Improving  Reference  Systems 
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ABSTRACT 

For  improved  establishment  of  the  dynamical  reference  frame  and  tying  it  to  the  stellar  reference 
frame,  a  method  to  observe  close  approach  (CA)  events  between  satellite  and  satellite  and/or 
satellite  and  star  is  proposed  here.  The  accuracy  of  measurements  of  angular  distance  is  0”.02 
-  0”.03  for  a  single  data  point.  We  apply  this  technique  fairly  successfully  to  the  CA  events  of 
the  Galilean  satellites  and  a  preliminary  orbital  longitude  correction  to  the  E2X3  constants  of 
J4  is  obtained  from  eight  CA  observations  ranging  from  1987  to  1989. 

1  Introduction 

f'or  high-precision  observations  of  planetary  positions,  two  technical  improvements  were  recently 
proposed.  The  first  is  to  observe  the  positions  of  the  satellites,  rather  than  planet  itself  (e.g., 
Pascu  and  Schmidt,  1990).  This  is  because  diameters  of  satellites  are  small  and  thus  their  phase 
effects  are  negligible.  The  second  is  to  use  intersatellite  observations;  (e.g.,  Taylor  and  Shen, 
1988);  this  has  the  advantage  that  possible  systematic  errors  of  the  adopted  catalogue  for  plate 
solution  can  be  eliminated. 

If  this  line  of  improvement  is  pursued  for  the  purpose  of  establishing  the  dynamical  reference 
frame  and  tying  it  to  the  stellar  reference  frame,  the  following  two  step  i>rocedures  will  apply; 
high-pi 'cision  intersatellite  observations  and  satellitc-to-starobserv.ations.  Once  a  high-precision 
ephemeris  of  the  satellite  is  available,  determimition  of  the  right  ascension  and  declination  of 
stars  based  on  the  dynamical  reference  frame  is  fairly  e;isy  through  measurements  of  CA  events 
between  the  stars  and  the  satellite.  Therefore  we  restrict  ourselves  to  higli-i)recision  measure¬ 
ments  of  satellites  positions  in  this  paper. 

it  is  well  known  that,  due  to  the  strong  correlation  of  turbulent  motions  of  adjacent  air 
masses,  an  apparent  angular  distance  of  two  close  celestial  bodies  can  be  determined  much  more 
accurately  than  that  between  tele.scope’s  cross  threads  and  a  single  object.  Lindegren  (1980) 
predicts  that  0”.03-0”.04  accuracy  is  achieved  for  a  relative  distance  of  30”  40”  with  a  time 
integration  of  20  sec.  Our  e.xperience  in  double  star  observations  gives  a  little  better  accuracy 
than  Lindegren ’s  theory.  Han  (1989)  also  reports  a  few  times  better  accuracy  than  Liudegren’s 
formula. 

In  this  paper  this  advantage  of  short  distance  measurements  was  apjilied  to  the  observations 
of  the  CA  events  of  the  Galilean  satellites  and  the  results  were  compa.''ed  with  the  .Sampson- 
Lieske  theory.  From  the  observations  of  the  events  including  J4,  a  preliminary  orbital  longitude 
correction  was  determined.  As  far  as  we  know,  there  .seems  to  be  no  such  applications  of  this 
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technique  yet  to  practical  observations  of  satellites,  though  the  similar  ideas  have  been  proposed 
(e.g.,  Kammeyer  et  al.,  1990). 

2  Prediction  of  close  approach  events 

For  observations  of  any  CA  events,  prediction  calculations  are  essential.  The  CA  events  of  the 
Galilean  satellites  were  calculated  by  M.  Soma  using  GALSAP  program  provided  by  J.H.  Lieske 
and  it  is  found  that  the  CAs  of  less  than  30”  take  place  as  many  as  60-100  times  every  year 
at  an  observing  site.  This  is  due  to  the  ecliptic  plane  being  close  to  the  orbital  planes  of  the 
Galilean  satellites. 

3  Observations  and  data  reduction 

A  telescope  of  long  focal  length  is  essential  to  achieve  high  accuracy  measurements.  Observations 
were  made  at  the  Cassegrain  focus  (f=:  16.5m)  of  a  36-inch  reflector  (Dodaira  station,  Japan) 
with  a  CCD-type  TV  camera  (field  of  view:  110”x83”)  and  the  images  were  recorded  in  a 
SONY  U-matic  (2/3  inch)  video  recorder,  with  time  signals  synchronized  to  UTC  up  to  about 
10  microsec.  The  play-backed  image  signals  were  time-integrated  on  a  frame  memory  as  digital 
data  of  pixel  size  of  14  micron  square  which  corresponds  to  0”.16  square  on  the  sky.  In  order  to 
determine  scale  value,  we  observed  the  diurnal  motion  of  Polaris  by  stopping  the  sidereal  drive 
of  the  telescope  and  compared  the  measured  lengths  of  Polaris’  arc  with  the  daily  positions  of 
the  star  given  in  the  Japanese  Ephemeris.  We  also  sometimes  observed  a  double  star  Sigma 
CAM  1694  to  check  Affin  geometry  of  pixel  spacing  of  the  CCD  chip  used.  A  Gaussian  profile 
with  a  quadratic-  polynomial  background  was  fitted  to  the  marginal  brightness  distribution  of 
star  images.  After  ordinary  flat-  fielding,  centroiding  accuracy  of  1/10  pixels  is  easily  realized. 
Typical  integration  time  was  30  sec  (900  frames)  for  the  satellites  and  20  sec  for  Polaris. 

Twenty  two  CAs  of  less  than  about  60’’  were  observed  from  October  1987  through  March 
1989.  Observation  time  of  an  event  ranges  from  1  hr  to  3.5  hr  depending  on  the  circumstance 
of  each  CA,  nearly  centered  al  the  closest  approach  time  in  most  cases.  From  these  data  several 
frames  of  30  sec  integration  were  obtained  al  the  interval  of  10-15  min. 

The  relative  distance  d  of  two  close  satellites  1  and  2  can  be  written,  with  enough  accuracy, 
as 


d  =  {q^  +  p^cos^^i  -  p^qsinfi  cos(5i)'^^,  (1) 

where  p  =  Q2  -  Q\  ,  and  q  =■  b2  —  ■  Then  the  dilference  between  oliserved  and  calculated 

distance  Ad  is  expressed  using  the  errors  in  o  and  6  as  follosvs: 

Ad  =  pjdco^  Ap  -f-  qJdAq,  (2) 

where  Ap  =  Aa2  -  Aoi  ,  and  Aq  =  A^2  -  Aij  .  Since  Ao  and  A^  in  equation  (2)  can  be 
connected  through  G.ALSAP  program  to  the  corrections  to  the  Lieske’s  orbital  parameters  c, 
and  /?,  (Lieske,  1980),  we  adopt  equation  (2)  as  an  observation  equation  for  orbital  improvement. 

If  we  wish  to  compare  observations  with  theory  at  the  error  level  of  say  0”.005,  various  small 
corrections  to  the  observed  distance  are  necessary.  .Among  them  the  effects  duo  to  differontial 
refraction  are  most  important.  Since  refraction  is  larger  for  shorter  wave  length,  the  observa 
tions  without  filter  or  with  a  broad-band  filter  cause  stellar  images  to  elongate  in  the  altitude 
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direction,  especially  for  large  zenith  distances;  this  is  called  the  atmospheric  prism  effect.  This 
effect  is  troublesome  because  the  surface  brighlne.ss  distribution  in  the  elongated  images  de¬ 
pends  on  both  the  wave-length  sensitivity  of  the  detector  system  used  and  color  of  the  object 
observed.  However,  our  model  calculations  showed  that,  for  zenith  distance  of  less  than  7.5“  and 
relative  distance  of  less  than  a  few  aremin  in  the  altitude  direction,  correction  of  monochromatic 
differential  refraction  is  sufficient  as  far  as  the  error  level  of  0”.005  is  allowed. 

4  Preliminary  longitude  correction 

An  example  of  the  time  variation  of  Ad(=  dgi,,  -  deal)  is  given  in  Fig.l.  In  actual  solutions  of 
equation  (2),  the  correction  lo  scale  value  (/)  had  to  be  incorporated  as  a  form  of  dcaiAfff. 
This  is  probably  because  Jupiter  was  in  the  southern  sky  whereas  Polaris  in  the  northern  sky 
and  thus  the  atmospheric  effect  on  them  was  different. 
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For  a  preliminary  orbital  analysis,  we  assume  that  only  the  mean  orbital  longitudes  (/d),  J2 
and  /?4  )  of  the  satellites  need  improvement.  ddfOP  is  largest  at  the  inferior  conjunction  of 
the  satellites  with  Jupiter  and  zero  near  elongation.  In  ca,se  of  the  CA  events  involving  J-l,  the 
relevant  inner  satellite  tends  to  be  near  elongation.  This  means  that  unless  the  longitude  errors 
of  the  satellites  other  than  Jd  are  unusually  large  (this  is  actually  the  c:ise  for  the  Galilean 
satellites),  ddfOP^AP^  is  much  larger  than  other  terms  in  equation  (2).  Actually  in  most  of 
our  observations  involving  Jd,  dd/d^n  is  proved  to  be  10  to  a  few  10  times  larger  than  othei 
derivatives.  Moreover,  in  the  mutual  events,  the  phenomena  involving  Jd  are  least  observed  ones 
(e.g.,  Aksnes  and  Franklin,  1976).  Therefore  we  have  tried  to  obtain  a  preliminary  correction  to 
the  E2X3  constants  of  Jd  using  eight  Jd  CA  events  whose  partner  is  J 1  or  .12.  \Vc  have  neglected 
A/?i  or  A/?2  because  of  the  retuson  mentioned  above.  Since  A/f.|  and  A///  were  not  correlated 
each  other  during  our  observation  period  because  of  the  Karlh  being  far  from  the  orbital  planes 
of  the  satellites,  we  c(  M  solve  A/I^  from  each  single  event.  Then  we  have  -0'’.027  ±  0“.02!  for 
the  averaged  A/?^  .  An  overall  solution  is  now  being  undertaken  In  using  .ill  the  observ.-d  tnents 
and  by  taking  account  of  other  errors  of  orbit.al  elements. 

Finally  we  emph<asize  that  CA  events  will  h<ave  wide  .applications  in  Saturnian  and  I'ranian 
satellites,  asteroid-risteroid,  asteroid-star,  satellite-star,  and  so  on. 
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ABSTRACT.  Standard  precession  theory  builds  up  .he  precession  matrix  P,  which  rotates  coor¬ 
dinates  from  the  mean  equator  and  equinox  of  epoch  to  the  mean  equator  and  equinox  of  date, 
by  a  sequence  of  three  elementary  rotations  by  the  accumulated  Euler  angles  Ca,  6^,  and  za: 
P  =  R3(-^a)  RaC— Ca)  This  scheme  works  well  provided  both  the  epoch  and  the  date  are 

within  a  few  centuries  of  J2000.  For  long-term  applications,  the  alternative  formulation  using  the 
accumulated  luni-solar  and  planetary  precession,  P  =  RsCxa)  Ri(-wa)  R3(-V'’.4)  Ri(£).  is  more 
stable. 

Yet  another  formulation  for  P  is  possible,  using  the  invariable  plane  of  the  Solar  System  as  an 
intermediate  plane:  P  =  R3(-L)  Ri(-/)  R3(-A)  Ri(/o)  RaCLo).  The  angles  Jo  and  Lo  are  the 
inclination  and  ascending  node  of  the  invariable  plane  at  epoch;  I  and  L  are  the  same  quantities 
at  the  date.  Only  the  angle  A  is  a  function  of  both  times.  This  scheme  works  for  both  short-term 
and  long-term  applications. 

For  the  short  term,  polynomial  coefficients  for  I,  L,  and  A  are  derived  from  the  currently- 
accepted  coefficients  of  the  angles  <^a,  6 a,  and  za.  For  the  long  term,  these  angles  are  expressed  as 
sums  of  Chebyshev  polynomials  obtained  from  analysis  of  a  million-year  numerical  integration. 

If  the  intersection  of  the  mean  equator  and  the  invariable  plane  were  adopted  as  the  origin  of 
right  ascensions,  the  theory  would  be  simplified  further:  since  Lo  and  L  would  no  longer  be  required, 
P  would  again  consist  of  the  minimum  three  rotations. 


1.  Introduction 

This  paper  is  a  brief  report  of  my  doctoral  research  (Owen  1990)  into  the  consequences  of 
using  the  invariable  plane  of  the  Solar  System  as  an  intermediate  plane  in  the  formulation 
01  precession  theory.  Space  limitations  prevent  the  inclusion  of  any  details. 

The  work  described  here  comprises  three  major  topics:  the  determination  of  the  orienta¬ 
tion  of  the  invariable  plane,  the  “short-term  theory”  based  on  the  precession  angles  of  Lieske 
el  al.  (1977)  (hereinafter  denoted  “L77”),  and  the  “long-term  theory”  based  on  numerical 
integration  of  Kinoshita’s  (1977)  model  for  the  speed  of  luni-solar  precession  and  Laskar’s 
(1990)  formulation  for  the  ecliptic.  A  comparison  of  the  long-term  results  near  J2000  with 
the  short-term  theory  reveals  possible  improvements  to  the  currently-adopted  precession 
theory,  particularly  in  the  motion  of  the  ecliptic  and  in  the  rate  of  change  of  Newcomb’s 
Processional  Constant. 
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2.  The  Orientation  of  the  Invariable  Plane 

The  invariable  plane  of  the  Solar  System  is  rigorously  defined  as  the  plane  which  passes 
through  the  Solar  System  barycenter  and  is  normal  to  the  total  angular  momentum.  The 
rotational  angular  momenta  are  poorly  known  (especially  for  the  Sun),  and  the  orbital 
angular  momenta  of  the  satellites  are  subject  to  precession;  these  were  therefore  ignored, 
and  only  the  orbital  angular  momenta  of  the  planets  and  Sun  were  kept.  The  planets  were 
thus  assumed  to  be  point  masses  (including  the  masses  of  their  satellites)  located  at  their 
respective  planet-satellite  bary centers. 

Positions  and  velocities  for  the  nine  planetary  barycenters,  the  Sun,  and  five  asteroids 
were  interpolated  from  the  M04786  planetary  ephemeris  (Jacobson  et  al.  1990),  the  most 
recent  one  produced  at  JPL  and  the  only  one  so  far  to  use  the  Voyager  2  determination  of 
Neptune’s  mass.  The  total  angular  momentum  vector  (after  Burkhardt  1982),  rotated  into 
J2000  coordinates,  is  directed  toward 

oo  =  273“51'09"262  ±  0"038,  (1) 

^0  =  66°59'28"003  ±  0"013.  (2) 

The  right  ascension  Lq  of  the  ascending  node  of  the  invariable  plane  on  the  mean  equator 
of  J2000  and  the  inclination  Iq  of  the  invariable  plane  to  the  mean  equator  of  J2000  are 
consequently 


Lo  =  3°51'09'.'262  ±  0"038,  (3) 

lo  =  23®00'3Tf997  ±  0'.'013.  (4) 

It  is  worth  noting  that  the  standard  errors  above  have  decreased  nearly  a  hundredfold  due 
solely  to  the  improvements  in  the  planetary  masses  provided  by  Voyager  2. 


3.  Short-term  Precession  Theory 

The  precession  matrix  P  to  transform  from  the  mean  equator  and  equinox  of  J2000  to  that 
of  da^e  is  given  by  L77  as 

P  =  R3(-a)R2(<^^)R3(^^),  (5) 

where  R,(a)  is  the  3x3  orthogonal  matrix  which  rotates  the  coordinate  axes  by  the  angle 
a  about  axis  i.  The  angles  in  equation  (5)  are  approximated  by 

0  =  ClT-}-C^7’2  +  C,"7’^ 

$A  ==  eiT + 9[T^  +  e';T\ 

ZA  =  ziT  z[T^  +  z'{T\ 

with  T  measured  in  Julian  centuries  from  J2000  (JED  2451545.0). 

From  Figure  1,  P  can  also  be  represented  by  the  sequence  of  rotations 

P  =  R3(-L)R,(-/)R3(-A)R,(/o)R3(io).  (9) 

where  L  is  the  right  ascension  of  the  ascending  node  of  the  invariable  plane  on  the  mean 
equator  of  date,  I  is  the  inclination  of  the  invariable  plane  to  the  mean  equator  of  date, 
and  A  is  the  angle  in  the  invariable  plane  from  the  mean  equator  of  J2000  to  that  of  date. 


(6) 

(7) 

(8) 
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Equating  the  right-hand  sides  of  equations  (5)  and  (9)  and  expanding  the  matrix  products 
yields  exact  expressions  for  L,  I,  and  A: 

L  =  plg(cos0^  sin(Z,o  •^C^)sin/o  -sinff^cos/o,  cos(Io  +  C/i)sin/o]  -f  za,  (10) 
I  =  cos“*[cos04  cos  io  +  sin0^  sin(Z,o  +  C/»)sin  /o],  (11) 

A  =  plg[sin^^cos(Lo  +  C/t)5Cos0^sin/o-sin04sin(Lo-f  C/i)cos/o].  (12) 

In  equations  (10)  and  (12),  plg(y,i)  is  Eichhorn’s  (1987/88)  notation  for  the  four  quadrant 
arctangent,  expressed  in  Fortran  as  ATAN2(Y,X). 

Equations  (10)  through  (12)  can  be  expanded  in  powers  of  T  to  yield  approximation 
polynomials  for  the  angles  L,  /,  and  A.  The  L77  coefiicients  of  the  precession  angles  imply 

/v=  3‘’51'09"262  -  96"7230r- l"94824r--l-0'.'006539r\  (13) 

I  =  23°00'31':997  -  134"66857’-P  0"49t.>lT-  +  0'.'0061737’^  (14) 

A  =  O'.'OOO  +  51 16"l809r  -|-  2"9246r)T*  -  0'.'005636r^  ( 1 5) 


4.  Long-Term  Precession  Theory 

Since  the  L77  approximations  for  Oa,  and  za  begin  to  break  down  after  a  few  centuries, 
numerical  integration  was  used  to  obtain  the  precession  angles  over  longer  time  spans. 
Kinoshita’s  (1977)  model  supplied  the  speed  of  luni-solar  precession,  and  the  orientation  of 
the  ecliptic  came  from  Laskar  (1990).  The  integration  covered  one  million  years  centered  at 
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J2000.  The  obliquity  e  and  the  precession  angles  V’M)  Xa^  and  A  were  obtained 

every  century,  and  Chebyshev  polynomials  were  fit  to  these  results.  Computer-readable 
tables  of  the  Chebyshev  coefficients  may  be  obtained  from  the  author. 

Two  substantial  differences  are  apparent  when  the  long-term  results  are  compared  with 
the  sftor  .-term  ones.  First,  Laskar’s  motion  of  the  ecliptic  near  J2000  differs  from  that 
in  L77.  This  changes  the  speed  of  planetary  precession  and  therefore  Cii  and  zi: 
and  z\  decrease  from  2306'.'2181/cy  to  2306'.'21?4/cy  while  6\  increases  from  2004"3109/cy 
to  2004"3141/cy.  The  rate  of  change  of  the  obliquity  changes  by  a  greater  amount,  from 
-46'.'8150/cy  to  -46"806.5/cy.  Second,  Kinoshita’s  terms  containing  Mi  and  M3  are  absent 
in  the  L77  work;  their  presence  causes  P\,  the  derivative  of  P  at  J2000,  to  change  from 
-0':00369/cy  in  L77  to  -0':00393/cy. 


5.  Conclusions 

One  notes  several  desirable  properties  in  equation  (9)  for  P.  Foremost  among  these  is  that 
the  initial  and  fnal  times  are  isolated  rather  cleanly;  when  one  is  processing  between  two 
arbitrary  times,  P  takes  the  form 

P  =  R3(-b(r2))R,(-/(T2)]R3{-(A(T2)-A(r,)))R,[/(T,)lR3(b(T,)).  (16) 

The  angles  L  and  /  are  each  functions  of  only  one  time,  and  only  (A(T2)  -  A(ri)]  would  be 
evaluated  using  both  initial  and  final  times. 

Finally,  it  is  obvious  that  if  right  ascensions  were  measured  from  the  ascending  node  of 
the  invariable  plane  on  the  mean  equator  (instead  of  from  the  traditional  vernal  equinox), 
the  first  and  last  R3  rotations  in  equation  (9)  would  vanish,  leaving  once  again  a  sequence 
of  three  rotations.  Now,  however,  the  three  rotation  angles  would  require  only  two  formulas 
for  their  evaluation,  and  only  one  of  those  two  would  require  two  arguments.  Such  a  scheme 
is  simpler  computationally  than  that  of  the  L77  paper. 

The  work  described  in  the  paper  was  started  at  the  University  of  Florida,  supported  under 
a  National  Science  Foundation  Graduate  Fellowship,  and  was  completed  at  the  Jet  Propul¬ 
sion  Laboratory,  California  Institute  of  Technology,  under  a  contract  with  the  National 
Aeronautics  and  Space  Administration. 


References 

Burkhardt,  G.  (1982).  Aslron.  Astrophys.  106,  133. 

Eichhorn,  II.  K.  (1977/78).  Cel.  Mech.  43,  part  4,  237. 

Jacobson,  R.  A.,  Lewis,  G.  D.,  Owen,  W.  M.,  Riedel,  J.  E.,  Roth,  D.  C.,  Synnott,  S.  P.,  and 
Taylor,  A.  II.  (1990).  “Ephemerides  of  the  Major  Neptunian  Satellite.s  Determined  from 
Earth-Based  Astrometric  and  Voyager  Imaging  Ob.scrvations,”  AIAA  paper  90 
AAS/AIAA  Astrodynamics  Conf.,  Portland,  Ore. 

Laskar,  J.  (1990).  Astron.  Astrophys.,  in  preparation,  a  revi.sion  of  /l.s7ro;i.  Astrophy.-i.  198. 
341  (1988). 

Lieske,  J.  II.,  Lederle,  T.,  Frickc,  W..  and  Morando,  B.  (1977).  A.'<tron.  Astwphy.'<.  58.  1. 
Kinoshita,  II.  (1977).  Cel.  Mech.  15,’277. 

Owen,  W.  M.,  Jr.  (1990).  A  Theory  of  (he  Earth’s  Precr.s.sion  Rrlatm  to  ttu  htvariabh  Plam 
of  the  Solar  System,  Ph.D.  dissertation,  Univ.  of  Florida,  Gaine.sville;  in  preparation. 


327 
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ABSTRACT.  For  years,  interest  in  precise  positions  of  minor  planets  has 
centered  on  tying  the  dynamical  reference  frame  with  the  stellar  frame  and 
determining  catalog  zone  errors.  Photographic  methods  are  generally  used 
in  obtaining  observed  spherical  equatorial  coordinates  (R.A.,  Dec.)  or 
crossing-point  observations.  Estimates  of  the  external  precision  of  the 
equatorial  coordinates  are  overly  pessimistic,  while  those  for  crossing- 
point  observations,  too  optimistic. 

It  is  estimated  that  equatorial  positions  for  the  brighter  (m  <  11)  minor 
planets  can  be  determined  with  an  external  precision  not  worse  than  +/-0.2 
arcsec  (m.e.),  and  perhaps  as  low  as  +/-0.1  arcsec  (m.e.),  depending  on  the 
reference  catalog  zonal  errors. 

Intersatellite  observations  are  a  type  of  crossing-point  observation  in 
which  the  images  of  two  different  objects  appear  in  the  same  exposure. 
This  is  the  most  precise  type  of  crossing-point  observation  and  gives  an 
estimate  for  the  lower  limit  to  the  external  precision  of  this  observation 
type.  Recent  studies  of  satellite  observations  indicate  that  this  lower  limit  is 
in  the  +/-0.05  to  +/-0.08  arcsec  (m.e.)  range. 


1.  Introduction 

The  history  of  the  use  of  minor  planets  for  the  improvement  of  the  celestial 
coordinate  system  has  been  well  documented  by  Orelskaya  (1974),  Pierce 
(1978),  Hemenway  (1980)  and  Whipple  et  al.  (1988).  Following  lAU 
resolutions  presented  at  Brighton  (Trans.  lAU  XI VB,  1971)  several 
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programs  of  photographic  observation  were  begun/continued  for  a  selected 
list  of  minor  planets.  Estimates  of  the  external  precision  (accuracy)  of 
these  observations  were  often  made  by  redetermining  positions  for  catalog 
reference  stars  and  comparing  these  positions  to  the  catalog  values.  This 
method  simply  returned  the  (accidental)  catalog  error  for  the  epoch  and 
did  not  adequately  allow  for  the  benefit  gained  from  using  many  reference 
stars.  Large  external  errors  were  often  attributed  to  catalog  zone  errors. 
To  eliminate  zone  errors,  Hemenway  (1980)  and  Whipple  et  al.  (1988) 
have  advocated  the  use  of  crossing-point  (x-pt)  observations.  The  external 
errors  involved  in  these  two  techniques  are  discussed  below. 


2.  Spherical  Equatorial  Coordinates 

A  better  estimate  of  the  external  error  can  be  found  from  the  expression 
(see  Pascu  and  Schmidt  1990): 


e 


+  S2  e^+Q 

.  +  (S  OpQ  )2 

(n-m) 


where  Cf  is  the  total,  single-image  external  error  in  position  of  an  object  p 
near  the  center  of  a  photographic  plate;  e*c  is  the  mean  catalog  error  of  the 
reference  stars  (arcsec);  e*o  is  the  mean,  total  observational  error  of  the 
reference  stars;  Cpo  is  the  total  observational  error  of  object  p  (in  mm);  S 
is  the  plate  scale  (in  arcsec/mm);  n  is  the  number  of  reference  stars  used  in 
the  nlate  solution;  and  m  is  the  number  of  degrees  of  freedom-the  number 
of  constants  determined  in  the  plate  solution.  In  this  expression,  the  first 
tenn  represents  the  accidental  error  due  to  the  reference  frame  (catalog 
and  observational),  while  the  second  term  is  due  to  the  plate  and  night 
errors  for  object  p.  Note  that  this  formulation  does  not  account  for  zone 
errors  in  the  reference  catalog,  nor  for  some  unmodelled  observational 
effects. 

Using  AGK3  parameters  and  current  values  for  the  other  quantities,  the 
expected  external  precision  is  between  +/-0.1  and  -t-/-0.3  arcsec  (rn.e,), 
depending  on  instrumental  focal  scale.  A  telescope  with  a  focal  scale  of 
about  30  to  40  arcsec/mm  will  provide  the  optimum  precision  with  these 
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parameters.  To  this  value  must  be  added  the  systematic  portion  cue  to  the 
zone  errors  of  the  catalog.  These  numbers  are  supported  by  photographic 
observations  of  Saturn  (Pascu  and  Sclimidt  1990)  and  agree  with  the 
assessment  of  E.  Hog  (quoted  by  Hemenway  1980),  and  indicate  that  AGK3 
zone  errors  may  not  be  greater  than  about  0.1  arcsec  at  epoch  1980  along 
the  northern  ecliptic. 

With  the  introduction  of  the  new  high  density,  high  precision 
photographic  catalogs  (see  de  Vegt  1988),  the  error  interval  on  et  will 
decrease  further  to  (+/-0.06  to  +/-0.2  arcsec  m.e.),  the  advantage  then  lying 
with  the  long-focus  instruments.  It  is  clear  that  the  systematic  catalog 
errors  will  be  the  limiting  factor  in  the  use  of  these  catalogs  for  this 
application. 


3.  Crossing-Point  (X-Pt)  Observations 

Whipple  et  al.  (1988)  define  a  x-pt  observation  as  "the  observed  angular 
separation  between  two  minor  planets  as  measured  against  the  same  stellar 
background".  This  obser\'ation  type  has  the  advantage  that  systematic 
catalog  errors  are  eliminated.  Usually,  the  observation  of  each  minor 
planet  is  made  on  different  plates  and  on  different  nights.  However,  should 
both  objects  appear  on  the  same  plate,  such  observations  would  be  the  most 
precise  because  the  observational  errors  due  to  the  reference  stars  would 
also  be  eliminated.  Intersatellite  observations  are  this  type  of  x-pt 
observation  if  reference  stars  are  used  to  reduce  the  plates.  Thus, 
discussions  of  this  observation  type  can  yield  a  value  for  the  lower  limit  to 
the  external  error  for  x-pt  observations. 

Taylor  and  Shen  (1988)  recently  analyzed  a  very  large  dataset  of  the 
intersatellite  observations  of  the  eight  brightest  moons  of  Saturn.  Their 
Table  3  shows  no  individual  dataset  with  an  external  mean  error  smaller 
than  +7-0.10  arcsec  for  all  satellite/Titan  pair  observations  taken  together. 
Taylor  (1985,1986)  also  computed  external  mean  errors  for  individual 
satellite/Titan  pairs.  The  smallest  external  mean  error  was  +/-0.08  arcsec 
for  the  Rhea/Titan  observations  made  with  the  26-inch  refractor  at  the 
Naval  Observatory,  There  was  also  an  indication  in  Taylor's  computations 
that  image  density  or  magnitude  difference  contributed  to  this  error  and 
that  a  lower  limit,  say  +/-0.05  arcsec  (m.e.),  was  reasonable. 
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4.  Conclusions 

Recent  studies  of  the  external  precision  of  photographically  obtained 
equatorial  positions  for  Saturn  (Pascu  and  Schmidt  1990)  and  photographic 
intersatellite  observations  of  the  Saturnian  moons  (Taylor  and  Shen  1988, 
Taylor  1985,  1986)  yield  im-'ortant  information  on  the  expected  external 
precision  of  astrometric  obser.ations  of  minor  planets.  For  bright  (m  <  11 
mag),  slow-moving  minor  planets,  photographic  spherical  equatorial 
coordinates  can  be  obtained  with  an  external  precision  of  +/-0.25  arcsec 
(m.e.)  along  the  northern  ecliptic  using  the  AGK3  catalog  and  a  long-focus 
refractor.  With  the  introduction  of  the  modem  high-density  reference  star 
catalogs  (Douglass  and  Harrington  1990,  de  Vegt  1988)  this  precision  can 
be  increased  to  4-/-0.1  arcsec  (m.e.).  Meanwhile,  x-pt  observations  can  be 
obtained  with  an  external  precision  not  much  better  than  +/-0.08  arcsec 
(m.e.).  Considering  the  value  of  the  spherical  equatorial  coordinates  in 
fixing  the  minor  planet  orbit  in  space  (Whipple  et  al.  1988),  x-pt 
observations  should  only  be  made  when  systematic  catalog  errors  larger 
than  0.1  arcsec  are  suspected. 
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OPTICAL  POSITIONS  OF  RADIOSTARS  BY  THE  DANJON  ASTROLABE 
AT  CAGLIARI  AND  FURTHER  PROJECTS 
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ABSTRACT  .  Precise  positions  of  optical  counterparts  of  radiosources  are  needed  in  con¬ 
necting  optical  and  radio  reference  frames.  The  Cagliari  Astronomical  Observatory  has 
planned  systematic  observations  with  the  Danjon  astrolabe  of  objects  from  the  high  prior¬ 
ity  Hipparcos  radio-stars  list.  A  preliminary  result  of  the  position  of  radiosource  HR  5110 
is  presented. 


1.  Introduction 

Precise  positions  and  proper  motions  of  optical  counterparts  of  radiosources  are 
needed  in  order  to  determine  a  direct  link  between  the  radio  reference  frame  and 
the  ground-based  optical  reference  frame  and  will  be  of  great  importance  when 
the  Hipparcos  catalogue  becomes  available,  making  it  possible  to  link  together  the 
Hipparcos  and  radio  reference  frames  (Froeschle  and  Kovalevsky,  1982).  During 
the  paist  decade,  within  the  framework  of  international  cooperation,  a  great  number 
of  observations  have  been  carried  out  to  provide  high  quality  astrometric  data  on 
radiostars. 

An  international  programme  of  systematic  observations  of  radiostars  included 
in  the  list  prepared  by  the  lAU  Commission  24  working  group  ”On  Identification 
of  Radio/Optical  Astrometric  Sources”  with  prismatic  Danjon  astrolabes  was  pro¬ 
posed  at  the  beginning  of  this  decade  (Debarbat  1980,1981)  and  several  observation 
campaigns  have  been  conducted  (Clauzet  et  al.,1985,1986;  Noel,  1986)  which  have 
confirmed  the  opportunity  of  astrolabe  programmes  devoted  to  the  connection  of 
the  optical  and  radio  reference  frames. 


2.  Preliminary  Results 

Some  radiostars  on  the  list  of  Commission  24  Working  Group  have  been  observed 
with  the  Danjon  astrolabe  in  Cagliari  these  objects  being  included  in  the  funda- 
mented  groups  of  the  astrolabe  program  for  time  and  latitude  observations  (Poma 
and  Gusai  ,  1987).  Unfortunately  ,  because  of  the  contraints  required  for  a  uni¬ 
form  distribution  in  Eusimuth  of  the  stars  in  each  group,  the  observations  of  these 
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radiostars  have  been  made  at  one  o£  two  transits  solely.  In  this  case,  as  is  known 
(Debarbat  and  Guinot,  1970),  it  is  possible  to  determine  the  right  ascension  only 
for  those  stars  with  a  sufficiently  small  parallactic  angle  .  In  our  case  this  was  true 
only  for  radiosource  HR  5110  (FK5  502,  HD  118216  in  Table  1)  which  was  observed 
21  times  at  west  transit.  Thus,  the  only  preliminary  result  we  can  report  here  is 
the  value  of  its  right  ascension  .  We  obtain,  by  using  standard  reduction  procedures 
(Debarbat  and  Guinot,  1970) 

Aa  =  0^.004  ±  0^.0036 

for  the  mean  epoch  1984.1  and  in  the  sense  Astrolabe  -  FK5. 


3.  Subsequent  Projects 

The  Danjon  astrolabe  of  the  Cagliari  Astronomical  Observatory  has  recently  been 
taken  out  of  routine  time  and  latitude  observations.  It  was  decided  to  use  the 
instrument,  after  suitable  improvements,  mainly  for  astrometric  purposes  (Poma 
and  Zanzu,  1990).  In  this  context  we  have  set  up  a  programme  to  determine  accurate 
optical  positions  of  radiostars  included  in  the  ”  High  priority  Hipparcos  radiostars  ” 
list  proposed  for  the  Hipparcos  input  catalogue.  The  objects  that  we  have  selected 
are  listed  in  Table  1. 


TABLE  1 

Radiostam  currently  observed  by  the  Cagliari  astrolabe  at  the  zenith  distance  of  Stf’ 


Radiostar 

M,. 

a  (1950.0) 

6  (1950.0) 

h  m  s 

°  )  >> 

HD  004502 

4.1 

00  44  40.968 

23  59  43.95 

FK5  27 

HD  008634 

6.1 

01  22  51.423 

23  15  07.42 

HD  019356 

2.1 

03  04  54.356 

40  45  52.46 

FK5  111 

HD  026961 

4.6 

04  14  28.441 

50  10  28.87 

b  Per 

HD  039587 

4.4 

05  51  25.196 

20  16  07.39 

HD  062044 

4.3 

07  40  11.386 

29  00  22.58 

sig  Gem 

HD  091480 

5.2 

10  31  57.350 

57  20  27.14 

FK5  398 

HD  118216 

5.0 

13  32  33.917 

37  26  16.62 

FK.5  502 

HD  127739 

5.9 

14  30  16.090 

22  28  45.49 

26  Boo 

HD  146361 

5.2 

16  12  48.251 

33  59  02.63 

TZ  Crb 

HD  174638 

3.4 

18  48  13.936 

33  18  12.51 

FK5  705 

HD  179094 

5.8 

19  07  15.438 

52  20  42.81 

HD  206860 

6.0 

21  4‘>  06.546 

14  32  35.62 

HN  Peg 

HD  208816 

5.0 

21  1.45 

63  23  13.5 

VV  Cep 

HD  210334 

6.1 

22  06  39.425 

45  29  45.82 

AR  Lac 

HD  216489 

5.6 

22  50  34.454 

16  34  31.28 

IM  Peg 

HD  217476 

5.0 

2?  57  58.164 

56  40  30.60 

HD  222107 

3.8 

23  35  06.520 

46  11  13.83 

FK5  890 

HD  223460 

5.9 

23  47  09.719 

.36  08  52.56 
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The  list  takes  into  account  the  latitude  (  39®. 1  )  and  the  capabilities  of  the  instru¬ 
ment  at  the  present  time  (zenith  distance  =  30®  M,  <  6.2, 11®  <  5  <  67®).  The  number 
of  objects  which  could  be  observed  will  be  increased  when  in  the  near  future  the 
astrolabe  is  equipped  with  a  135®  reflecting  prism,  at  present  being  built  by  Soptel 
of  Paris,  allowing  observations  at  45®  for  the  zenith  distance  to  cover  a  larger  decli¬ 
nation  zone.  The  list  of  the  radiostars  that  will  be  added  to  those  reported  in  Table 
1  is  given  in  Table  2. 

It  is  important  to  note  that  the  possibility  of  observations  at  the  two  different 
zenith  distances  of  30°  and  45°  will  also  allow  us  to  obtain  absolute  determinations  of 
declinations  (Kreinin,1968)  with  good  accuracy  because  of  the  favourable  geographic 
position  of  the  Cagliari  astrolabe  on  the  ILS  parallel  (Kreinin,1986).  A  study  in  this 
direction  is  in  progress. 


TABLE  2 

Radiostars  to  be  observed  by  the  Cagliari  astrolabe  at  the  zenith  distance  of  ./5® 


Radiostar 

o  (1950.0) 

6  (1950.0) 

HD  001061 

5.8 

h  m  s 

00  12  24.123 

.  » 

08  32  36.10 

UU  Psc 

KD  007672 

5.4 

01  14  03.829 

-02  45  46.66 

AY  Cet 

HD  017138 

6.1 

02  44  22.747 

69  25  32.89 

RZ  Cas 

HD  Q18884 

2.5 

02  59  39.744 

03  53  41.15 

FK5  107 

HD  022468 

5.7 

03  44  12.88 

00  25  32.6 

HD  036486 

2.2 

05  29  27.017 

-00  20  04.41 

PK5  206 

HD  037128 

1.7 

05  33  40.476 

-01  13  56.30 

FK5  210 

HD  039801 

0.5 

05  52  27.809 

07  23  57.92 

FK5  224 

HD  109387 

3.9 

12  31  21.550 

70  03  48.96 

FK5  472 

HD  111456 

5.8 

12  46  29.276 

60  35  32.12 

HD  115383 

5.2 

13  14  17.524 

09  41  05.57 

59  Vir 

HD  124224 

5.0 

14  09  43.762 

02  38  38.22 

CU  Vir 

HD  169985 

5.2 

18  24  38.88 

00  09  53.8 

d  Ser 
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ABSTRACT.  A  model  for  the  kinematic  distribution  function  of  our  Galaxy  can  be  used 
as  an  independent  confumation  that  a  reference  system  is  free  of  Earth  motions  and  re¬ 
tains  the  true  kinematics  of  the  stars.  Maximum  likelihood  can  simulteineously  estimate 
the  parameters  required  to  calibrate  distances  to  the  stars,  represent  the  kinematic  distri¬ 
bution  function,  and  check  on  residual  Earth  rotations  in  the  proper-motion  system.  The 
global  maximum-likelihood  analysis  uses  all  available  information:  photometry,  trigono¬ 
metric  parallax,  proper  motion,  and  line-of-sight  velocity  for  a  well-defined  catalog  of 
stars.  Awaiting  observations  from  HIPPARCOS,  preliminary  testing  of  the  algorithnr  on 
available  ground-based  observations  is  discussed. 

1.  Introduction 

Ideally,  proper  motions  should  be  independent  of  Earth  motions  and  retain  the  true 
kinematics  of  the  stars.  The  direct  way  to  link  the  reference  system  realized  by  FK5 
or  HIPPARCOS  to  an  inertial  coordinate  system  is  to  measure  extragalactic  sources; 
however,  these  sources  have  significantly  fainter  apparent  magnitudes  than  most  of  the 
reference  stars  in  these  fundamental  catalogs. 

An  independent  confirmation  that  the  resulting  reference  system  is  inertial  can  be 
obtained  using  a  Galaxy  model  for  the  kinematic  distribution.  Line-of-sight  velocities  for 
the  reference  stars  are  independent  of  the  slow  motions  of  the  Earth  and  sample  the  same 
stellar  kinematics  in  our  Galaxy  as  the  proper  motions. 

The  cmrently-adopled  1976  lAU  precession  constant  is  based  on  a  Galaxy  model  that 
is  simple  to  compute.  In  most  analyses  the  velocity  distribution  function  was  assumed 
isotropic.  However,  Eichhorn  (1974)  warns  of  the  error  that  the  observed  anisotropy  could 
introduce  into  the  estimated  precession  constants. 

With  currently  available  computing  resources,  it  is  possible  to  estimate  simultaneously 
both  the  parameters  required  to  represent  the  kinematic  distribution  function  as  well  as 
to  look  for  systematic  errors  in  the  reference  system  and  other  observables.  The  global 
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maximum-likelihood  analysis  uses  all  available  information;  photometry,  trigonometric 
parallax,  proper  motion,  and  line-of-sight  velocity  for  a  well-defined  catalog  of  stars. 

We  are  currently  developing  the  required  Numerical  Algorithms  for  Maximum  Likeli¬ 
hood  Estimation  (hereafter  referenced  by  the  acronym  NAMaLiE)  for  this  analysis.  Hope¬ 
fully,  observations  from  HIPPARCOS  will  generate  a  well-defined  catalog  with  sufficient 
accuracy  and  uniformity  appropriate  for  detailed  statistical  analysis.  The  algorithms  are 
being  tested  on  available  catalogs  of  ground-based  observations. 

1.1.  ADVANTAGES  OF  THE  NAMaLiE  APPROACH 

The  classicsd  approach  for  the  analysis  is  to  transform  observed  quantities  to  a  theoretical 
reference  frame,  such  as  to  evaluate  a  distance  from  an  observed  trigonometric  parallax, 
or  to  compute  space  velocities  using  proper  motions,  line-of-sight  velocities,  and  parallax 
estimates.  The  only  advantage  is  that  the  analysis  is  simple  to  compute,  but  the  procedure 
requires  the  combination  of  many  different  types  of  observations  and  errors  selected  with 
various  criteria.  This  makes  rigorous  statistical  analysis  and  investigation  of  systematic 
errors  impossible. 

The  likelihood  function  used  in  NAMaLiE  is  defined  using  the  directly  observed  quan¬ 
tities,  which  allows  for  proper  handling  of  errors  of  observation,  sample  selection,  and 
censorship.  We  overcome  sample  incompleteness  by  using  con^tional  probabilities,  a 
procedure  that  discards  the  ‘difficult-to-use’  information  (Casertano,  Ratnatunga  &  Bah- 
call  1990). 

NAMaLiE  also  allows  the  analysis  of  samples  for  which  trigonometric  parallax,  proper 
motion  and  line-of-sight  velocity  are  not  all  available  for  every  star.  In  magnitude-limited 
reference  catalogs,  photometry  and  proper  motions  are  typically  available  for  most  stars, 
while  trigonometric  parallaxes  and  line-of-sight  velocities  are  available  only  for  a  subset. 

Numerical  simulations  are  used  to  show  that  the  NAMaLiE  gives  unbiased  estimates 
for  parameters  and  their  associated  errors.  The  procedure  is  a  simple  compute  intensive 
approach  that  does  not  require  any  clever  analytical  solutions.  Most  analytical  solutions 
require  simplifying  assumptions  and  approximations,  do  not  solve  the  real  problem,  and 
may  give  biased  estimates  of  the  parameters. 

2.  The  Galaxy  Model 

The  distribution  function  is  represented  by  a  sum  of  stellar  populations,  the  kinematics  of 
each  being  represented  by  a  trivariate-shifted  Gaussian,  as  used  in  the  lAS-Galaxy  model 
(Ratnatimga,  Bahcall  &  Casertano  1989).  The  kinematic  distribution  for  each  population 
is  then  represented  by  six  free  parameters,  consisting  of  three  velocity  dispersions  and 
three  streaming  motions. 

The  model  must  also  include  the  parameters  required  to  calibrate  stellar  distances 
from  their  observed  photometry  and  available  trigonometric  parallaxes,  as  described  in 
Ratnatunga  &  Casertano  (1991). 

For  simplicity,  consider  a  selected  sample  of  stars  from  a  single  luminosity  class  and  a 
limited  range  of  temperature  (color)  over  which  the  color/absolute-magnitude  calibration 
can  be  assumed  as  linear.  Assume  that  the  cosmic  scatter  in  absolute  magnitude  is 
Gaussian  and  constant  over  that  color  range.  The  absolute-magnitude  calibration  can 
then  be  represented  by  three  free  parameters. 

Additional  parameters  are  required  to  define  the  density  distribution  and  relative  nor¬ 
malizations.  For  stars  in  the  solar  neighborhood,  the  kinematics  and  distribution  of  stars 
can  be  assumed  as  uniform,  and  a  single  free  parameter  is  sufficient  to  define  the  relative 
normalization  for  each  extra  component. 


337 


The  residual  systematic  error  in  proper  motion  can  be  represented  as  rotations  about 
the  three  axes.  A  systematic  error  in  trigonometric  parallax  may  be  represented,  for 
example,  as  errors  in  the  zero  point  and  in  the  size  of  the  published  error  estimates. 

Hopefully,  the  catalog  has  been  generated  free  of  systematic  errors  in  photometry  and 
line-of-sight  velocity,  which  are  relatively  simpler  measurements  derived  from  single  ob¬ 
servations,  rather  than  the  difference  of  two  time-separated  observations.  The  analysis 
uses  the  coordinates  of  the  stars  only  to  define  the  line  of  sight  and,  as  such,  is  insensitive 
to  typical  errors  in  coordinates. 

For  example,  a  spectroscopically  selected  sample  of  K  and  M  dwarfs  in  the  solar  neigh¬ 
borhood  contains  stars  forming  the  thin-  and  old-  disk  populations  (halo  stars  being  only 
a  small  0.2%  contamination)  and  we  would  need  a  total  of  24  free  parameters.  Some  of 
the  parameters  associated  with  the  mean  streaming  motion  may  be  held  zero  by  assum¬ 
ing  that  the  density  components  don’t  drift  relative  to  the  local  standard  of  rest  (LSR) 
radially  or  vertical  to  the  galactic  plane.  Then  a  value  for  the  peculiar  motion  of  the  Sun 
with  respect  to  the  LSR  could  be  derived  or  adopted  if  poorly  constrained  by  a  particular 
sample. 

3.  Characteristics  of  the  Catalog  of  Observations 

NAMaLiE  can  make  use  of  incomplete  samples  of  stars  and  observations  as  long  as  the 
sample  selection  characteristics  are  well  defined.  However,  complete  samples  are  desir¬ 
able  to  derive  reliable  information  about  relative  normalizations  of  stellar  components. 
Although  the  best  available  observations  should  be  analyzed,  NAMaLiE  can  make  use  of 
data  of  any  accuracy. 

The  following  are  required:  good  coordinates  and  reliable  photoelectric  photometry 
(apparent  magnitude  and  color)  for  all  stars  in  the  sample,  all  available  projjer  motions 
transformed  to  a  single  uniform  reference  system,  heliocentric  line-of-sight  velocities,  and 
trigonometric  parallaxes  for  the  stars. 

To  avoid  the  need  for  extra  free  parameters  in  the  Galaxy  model  associated  with  any 
variation  of  the  density  and  kinematic  distribution  as  a  function  of  location  in  the  Galaxy, 
a  solar  neighborhood  sample  within,  say,  100  pc  from  the  Sun  is  useful.  Available  trigono 
metric  parallax  estimates  are  also  relatively  more  accurate,  and  effects  of  galactic  extinc¬ 
tion  on  the  photometry  arc  less  important.  For  young,  early-type  stars,  the  distribution 
(example:  Gould  belt)  or  kinematics  (example:  moving  groups)  may  be  nonuniform.  In  an 
older,  late-type  stellar  population,  inhomogeneities  in  rate  and  location  of  star  formation 
have  probably  time-averaged  to  a  uniform  distribution. 

However,  precise  proper  motions  for  a  more  distant  population  of  stars  give  a  tighter 
constraint  on  the  residual  rotations  of  the  proper-motion  system  being  estimated  to  link 
to  an  inertial  reference  system.  Another  advantage  of  a  more  distant  population  is  the 
space-averaging  of  the  distribution  sampled;  i.e.,  independent  of  any  peculiarities  in  local 
kinematics.  The  sample  selected  for  analysis  must  optimize  these  diverse  characteris¬ 
tics  with  the  parameters  that  need  to  be  estimated  and  the  available  accuracy  of  the 
observations. 

3.1.  INADEQUACY  OF  AVAILABLE  GROUND-BASED  SAiMPLES 

The  analysis  requires  a  sample  with  good  trigonometric  parallaxes  as  well  as  proper 
motions  in  the  FK5  system. 

The  FK5  and  Extension,  which  was  the  catalog  that  we  hoped  to  analyze  for  this  paper, 
consists  primarily  of  intrinsically  bright  stars  with  a  sampling  distance  to  about  2b0  pc 
from  the  Sun.  Line-of-sight  velocities  and  trigonometric  parallaxes  are  available  for  a 


338 


subset  of  the  sample.  However,  the  accuracy  of  the  currently  published  parallaxes  and 
the  intrinsic  width  of  the  giant  branch  prevented  deriving  any  meaningful  estimates  for 
the  residual  systematic  rotations  of  the  proper-motion  system. 

The  spectroscopically  selected  Vyssotsky  K  and  M  dv/arf  sample  has  suilicient  trigono¬ 
metric  parallaxes  and  a  much  smaUer  intrinsic  width  of  the  main  sequence  to  define  the 
absolute  calibration.  However,  the  available  proper  motions  have  not  eis  yet  been  trans¬ 
formed  to  the  FK5  system. 

4.  Progress  To  Date 

Most  of  the  required  numerical  algorithms  have  been  coded  and  the  solutions  converge. 
The  procedure  has  been  applied  to  the  Vyssotsky  sample  of  K  and  M  dwarfs.  The  samples 
need  to  be  represented  by  two  stellar  populations  with  velocity  dispersions  and  asynunetric 
drift  corresponding  to  the  thin  and  old  disk  populations.  The  two  populations  appear 
to  have  statistically  different  absolute-magnitude  calibrations  for  main- sequence  dwarfs 
with  the  old  disk  stars  intrinsically  fainter  and  in  the  Kron  (R  - 1)  color  range  (0.35, 1.3). 
Detailed  results  will  be  published  in  Ratnatunga  &  Upgren  (1991).  The  parallax  errors 
seem  to  be  imderestimated  by  20%  ±7%.  The  ‘mean’  zero  point  of  the  published  parallaxes 
could  be  3.4  ±1.4  mas. 

Using  this  particular  ca.alog  of  about  750  nearby  disk  dwarfs  with  available  proper 
motions,  we  find  no  systematic  error  in  the  reference  system  with  an  rms  accuracy  of  6, 
7  and  9  mas  per  year  for  rotations  about  the  U,V,W  axes,  respectively.  Although  this  is 
not  a  particularly  useful  constraint,  it  reflects  the  total  uncertainty,  including  those  from 
kinematics  and  the  distance  calibration.  It  is  derived  entirely  from  information  available 
for  this  small  sample  of  stars.  Observations  from  HIPPARCOS  of  a  much  larger  sample 
of  more  distant  K  and  M  giants  should  compare  favorably  with  the  0.4  mas  per  year 
accuracy  achieved  for  the  precession  constant  using  lunar  laser  ranging  (Williams  et  al. 
1990). 

5.  Conclusion 

A  numerical  algorithm  for  maximum-likelihood  estimation  has  been  developed  to  simul¬ 
taneously  estimate  the  parameters  that  define  the  rotation  of  the  reference  system  and 
those  required  to  model  the  disk  kinematics  and  the  absolute-magnitude  calibration  as 
a  function  of  color.  Two  stellar  components  with  anisotropic  velocity  dispersions  are 
required. 

Application  of  tliis  procedure  to  a  sample  of  K  and  M  dwarfs  shows  no  significant 
deviations  of  the  FK5  reference  system  with  an  rms  accuracy  of  about  7  mas  per  year. 
The  procedure  will  be  of  more  practical  importance  for  this  problem  after  observations 
from  HIPPARCOS  generate  a  larger,  well-defined  catalog  of  parallaxes  and  proper  motions 
with  sufficient  accuracy  and  uniformity  appropriate  for  detailed  statistical  analysis. 
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Until  relatively  recently  the  number  of  radio  source  positions  in  the 
Southern  sky  measured  to  an  accuracy  significantly  better  than  1  arcsec 
was  very  small,  with  virtually  no  measurements  south  of  -45  Declination. 
A  program  of  VLBI  astrometric  observations  is  currently  underway  in  the 
Southern  Hemisphere  with  the  aim  of  establishing  an  all-sky  precision 
reference  frame  of  extragalactic  sources  at  the  railliarcsecond  level. 
Substantial  progress  has  been  made  in  the  last  few  years  towards  raising 
the  number  and  precision  of  Southern  VLBI  measurements  towards  the  level 
obtained  in  Northern  programs.  Most  of  the  measurements  have  been  made 
on  the  10,000  km  baseline  between  Canberra,  Australia  and 
Hartebeesthoek,  South  Africa  using  dual- frequency  wideband  (Mark-IIl 
S/X)  recording  systems.  A  second  important  VLBI  program  to  link  the 
radio  and  optical  frames  in  the  South  through  radio  stars  will  commence 
in  1991. 
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This  5-yr  program  which  began  in  1987  is  to  establish  a  link  between  the 
radio  and  optical  reference  frames,  using  about  400  extragalactic  sources 
which  are  compact  and  flat  spectrum  in  the  radio  and  which  are  observable 
in  the  optical.  An  overview  of  the  program  is  presented  at  this  meeting 
by  Johnston  et  al.  Various  specific  aspects  of  it  are  also  discussed  in 
Ma  et  al, ,  McCarthy  et  al.  and  Reynolds  et  al. 

The  observations  have  been  continuing  in  both  hemispheres  and  in  both  the 
radio  and  the  optical.  We  have  observed  348  sources  with  VLBI .  There  is 
at  least  one  astrograph  plate  available  for  369  sources  and  at  least  one 
prime  focus  plate  available  for  138  sources.  Altogether  there  are  450 
sources  with  some  data. 

In  the  selection  of  the  final  400  radio/optical  link  sources,  which  will 
replace  the  list  from  Argue  et  al.  (1984),  we  have  been  categorizing  the 
sources  into  three  lists.  The  first  is  the  primary  sources,  those  with 
sufficient  data  of  good  quality.  The  second  includes  the  preliminary 
sources,  those  with  some  good  data,  but  needing  more.  The  third  is  those 
sources  chosen  based  on  survey  data  which  have  not  been  observed  yet. 
Implicitly,  there  is  a  fourth  list  of  reject  sources. 

At  this  meeting  we  have  shown  the  first  drafts  of  lists  of  sources  in 
each  classification,  including  a  total  of  564  sources  --  220  primary,  139 
preliminary,  160  proposed  and  45  rejects.  The  final  list  of  sources 
will  be  presented  at  the  upcoming  1991  lAU  General  Assembly. 
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ABSTRACT.  Using  artificial  satellites  as  transfer  objects  the 
project  '’Coupled  Quasar-Satellite-Star  Positioning"  repre¬ 
sents  an  independent  method  for  linking  quasar  and  stellar 
reference  frames.  Optical  observations  of  close  approaches 
between  reference  stars  and  satellites  yield  satellite  posi¬ 
tions  in  the  stellar  reference  frame.  On  the  other  hand  high 
precision  satellite  orbits  in  the  International  Earth  Rota¬ 
tion  Service  (lERS)  terrestrial  reference  frame  are  obtained 
from  laser  or  radiometric  observations.  Using  lERS  earth  ro¬ 
tation  parameters  and  adopted  transformation  models  the  sa¬ 
tellite  and  eventually  the  star  positions  can  be  expressed  in 
the  lERS  quasar  celestial  reference  frame.  In  this  paper  we 
describe  the  CQSSP  project  and  assess  its  capability  for  pro¬ 
viding  an  accurate  tie  between  tho  two  metioned  celestial  re¬ 
ference  frames. 


1 .  Introduction 

In  recent  years  techniques  have  been  proposed  to  tie  the  con¬ 
ventional  inertial  coordinate  reference  frames  defined  by  the 
very  long  baseline  (radio)  interferometry  (VLBI)  positions  of 
selected  extragalactic  radio  sources,  primarily  quasars,  to 
the  reference  frames  established  through  optical  observations 
of  stars.  The  need  to  tie  these  two  types  of  frames  stems 
from  the  high  accuracy  but  limited  accessibility  of  the  qua¬ 
sar  frames  on  the  one  hand  and  the  less  accurate  but  more 
readily  accessible  stellar  frames  on  the  other.  If  the  rela¬ 
tionship  between  the  radio  source  and  stellar  frames  can  be 
accurately  established  optical  positions  could  be  readily  ex¬ 
pressed  in  the  radio  source  frame.  The  procedure  of  relating 
the  two  types  of  frames  should  reveal  the  errors  in  position 
of  individual  stars  and  zonal  errors  in  the  optical  cata- 
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logues  as  well  as  giving  the  global  orientation  of  one  frame 
with  respect  to  the  other. 

The  classical  techniques  used  to  tie  the  radio  to  the  opti¬ 
cal  frames  all  make  use  of  radio-emitting  object  which  are 
observable  by  VLBI  as  well  as  in  the  visible  part  of  the 
electromagnetic  spectrum.  Several  ongoing  projects  observe 
either  extragairctic  objects  (EGOs)  or  radio  stars  in  the  op¬ 
tical  using  astrograph  cameras  or  CCD  sensors  on  large  tele¬ 
scopes.  The  priciple  of  these  methods  is  outlined  in  Figure 
1.  Unfortunately  there  are  some  limitations  of  this  tech¬ 
nique.  The  first  is  that  there  are  relatively  few  compact 
EGOs  which  are  strong  enough  to  be  accurately  positioned  by 
VLBI  and  sufficiently  bright  in  the  visible  to  provide  good 
optical  images.  The  second  is  that  for  most  EGOs  there  will 
not  be  a  nearby  FK5  star  in  the  image.  Hence  the  positions  of 
secondary  and  tertiary  reference  stars  must  be  established 
with  attendant  positional  uncertainty.  Third  one  must  assume 
that  the  radio  centres  and  optical  photocentres  of  the  ob¬ 
jects  coincide.  Many  radio-emitting  EGOs  show  an  elaborate 
structure  on  the  scale  of  a  few  mas  or  more  that  is  both  time 
and  frequency  dependent.  For  example,  Chariot  et  al.  [1988] 
found  for  3C273B  that  at  1985.37  the  90  %  of  peak  brightness 
contour  spanned  over  28  mas  at  2.3  GHz  but  only  about  5  m  as 
at  8.4  GHz. 


2.  The  CQSSP  Technique 

The  key  idea  of  the  "Coupled  Quasar-Satellite-Star  Position¬ 
ing"  project  is  to  use  artificial  earth  satellites  as  trans¬ 
fer  objects  (see  Figure  2) .  The  positions  of  these  satellites 
can  be  observed  very  accurately  in  the  International  Earth 
Rotation  Service  (lERS)  Terrestrial  Reference  Frame  (ITRF)  by 
Satellite  Laser  Ranging  (SLR)  or  radiometric  observations 
(e.g  GPS).  On  the  other  hand  VLBI  observations  of  quasars  de¬ 
fine  the  International  Celestial  Reference  Frame  (ICRF)  and  a 
series  of  earth  orientation  parameters  as  determined  by  the 
International  Earth  Rotation  Service  (lERS) .  Therefore  we  can 
assume  the  transformation  from  the  lERS  Terrestrial  Reference 
Frame  (ITRF)  to  the  quasar  frame  to  be  given  by  VLBI  at  any 
epoch.  This  enables  us  to  express  the  coordinates  of  the 
transfer  objects  (the  satellites)  in  the  quasar  frame  al¬ 
though  they  are  measured  by  Satellite  Laser  Ranging  (SLR)  or 
GPS  in  the  ITRF.  The  optical  observations  of  the  satellites 
with  respect  to  the  reference  stars  will  finally  result  in 
coordinates  of  these  stars  in  the  quasar  reference  frame 
(ICRF) . 

2.1  OPTICAL  OBSERVATIONS  OF  STARS  AND  SATELLITES 

Close  encounters  between  satellites  and  stars  are  recorded  on 
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Figure  3.  0.5  second  exposure  of  the  geodynamics  satellite 
LAGEOS  and  several  star  trails  at  the  0.5  m  laser  ranging  te¬ 
lescope  in  Zimmerwald.  The  telescope  was  tracking  the 
13.5  mag.  satellite  moving  with  about  200”/sec  relative  to 
the  stars.  The  image  represents  approximately  a  7'  x  7'  area. 
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a  CCD  detector.  The  idea  is  to  select  such  events  with  very 
small  angular  distances  between  the  two  objects  thus  minimiz¬ 
ing  the  influence  of  differential  refraction.  Pushing  the 
approach  to  the  limit  would  mean  that  we  allow  for  occultat- 
ions  only  which  however  would  restrict  the  number  of  events 
to  much.  Assuming  a  small  field  of  view  of  10  arcminutes  and 
200 '000  reference  stars  homogeniously  distributed  over  the 
entire  celestial  sphere  (HIPPARCOS  catalogue)  we  end  up  with 
about  50  observable  encounters  per  satellite  pass  (from  30 
deg  elevation  over  zenith  to  30  deg  elevation) .  (See  Bauer- 
sima,  1984) . 

First  observations  have  been  acquired  with  the  0.5  m  f2 
Cassegrain  telescope  at  the  Zimmerwald  Laser  Ranging  observa¬ 
tory  where  the  useful  field  of  view  is  about  10  arcminutes. 
The  detector  is  an  512  x  512  pixel  front  side  illuminated  CCD 
with  20  X  20  f  pixel  size  resulting  in  a  linear  scale  of  4.1 
arcseconds  per  pixel. 

Depending  on  the  height  of  the  used  satellites  (1000  to 
6000  km  for  LASER,  20000  km  for  GPS  satellites)  an  encounter 
may  be  observed  for  10  to  50  seconds  at  maximum  (determined 
by  the  fact  that  both  objects  have  to  be  simultaneously  in 
the  small  field  of  view  of  10  arcminutes) .  Due  to  the  move¬ 
ment  of  the  satellites  with  respect  to  the  stars  we  will  ob¬ 
tain  trailed  images  at  least  for  one  object  (depending  on  the 
tracking  mode) . 

Figure  3  shows  the  situation  where  the  telescope  was 
tracking  a  satellite  and  thus  the  stars  moved  with  respect  to 
the  telescope.  Thinking  in  terms  of  signal  to  noise  ratios  of 
the  single  images  we  prefer  to  concentrate  the  light  of  the 
fainter  object  on  a  few  pixels  of  the  detector  which  in  most 
cases  means  :hat  we  have  to  track  the  satellite.  The  impor¬ 
tance  of  this  point  is  evident  considering  an  optical  bright¬ 
ness  of  12  to  14  mag  for  the  satellites  in  contrast  to  the 
brightness  of  the  reference  stars  (<  10  mag) .  We  should  also 
point  out,  that  a  0.5  m  telescope  equipped  with  a  CCD  will 
collect  only  about  4500  photons  per  second  from  an  14  mag 
object. 

With  exposure  times  <  1  sec  we  end  up  with  a  series  of  10 
to  50  single  images  of  the  type  shown  in  Figure  3  per  close 
encounter.  Each  image  results  in  a  pair  of  coordinates  for 
the  star  and  the  satellite  in  a  CCD  coordinate  frame.  These 
coordinates  can  be  transformed  to  give  satellite  positions  in 
the  reference  star  system  (FK5)  or  vice  versa  to  give  in  star 
positions  in  the  satellite  reference  frame  (ITRF) . 


3.  Advantages  of  the  Method  /  Error  Estimation 

There  are  several  distinct  advantages  of  a  method  using  sa¬ 
tellites  as  transfer  objects  over  methods  using  some  sort  of 
triangulation  techniques  (e.g.  secondary  and  tertiary  refe- 
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rence  stars) : 

-  The  large  angular  distances  between  the  quasars  and  the  re¬ 
ference  stars  are  bridged  by  high  precision  satellite  or¬ 
bits. 

-  Satellites  allow  for  a  selection  of  a  homogenious  set  of 
reference  stars. 

-  Only  differential  quantities  are  observed  optically  which 
reduces  the  influence  of  refraction  to  a  negligible  amount. 

Errors  of  the  radiointerferometric  observations  of  the  qua¬ 
sars  and  the  determination  of  the  satellite  orbits  are  not 
concerned  because  they  are  well  below  0.01  arcs  and  thus  of 
minor  importance  compared  with  the  errors  associated  with  the 
optical  observations. 

For  the  error  budget  of  the  optical  part  we  considered  the 
following  contributions: 

-  Determination  of  the  observation  epoch  (the  satellites  move 
with  up  to  250  arcs/s) . 

-  Determination  of  the  centroids. 

-  Estimation  of  the  parameters  of  the  transformation  CCD  co¬ 
ordinates  < — >  celestial  reference  frame  (FK5) . 

Assuming  aim,  f4  to  f6  telescope  with  high  quality 
(astrograph)  optics  we  end  up  for  a  single  close  encounter 
between  a  reference  star  and  a  14  mag  satellite  with  an  accu¬ 
racy  for  the  position  of  the  satellite  in  the  stellar  refe¬ 
rence  frame  of  0.06  arcs. 

Using  the  Zimmerwald  Laser  Ranging  telescope  (see  section 
2)  as  a  test  instrument  first  results  already  indicate  a  ac¬ 
curacy  of  about  0.4  arcs.  We  have  to  point  out  in  this  con¬ 
text  that  the  mentioned  telescope  gives  a  scale  of  4.1 
arcs/pixel  and  produces  images  of  very  poor  quality!  Never¬ 
theless  an  accuracy  of  0.4  arcs  is  in  the  range  of  what  is 
achievable  with  small  Schmidt  cameras.  Since  the  exposure 
times  are  up  to  2000  times  shorter  with  the  CCD  system  this 
opens  a  variety  of  new  applications. 

However,  we  should  always  remember  that  the  CQSSP  goal  is 
the  determination  of  3  Eulerian  angles  (and  their  first  deri¬ 
vatives)  of  the  transformation  ICRF  < — >  stellar  reference 
frame  (FK5)  (and  not  positions  of  individual  sources!)  using 
hundreds  of  single  "close  encounter"  observations. 


4 .  Conclusions 

CQSSP  gives  a  link  between  the  quasar  and  stellar  reference 
frames  which  is  independent  from  the  classical  link  using  ra¬ 
dio  sources. 

The  technique  has  the  advantage  to  depend  on  a  compar- 
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atively  homogeneous  distribution  of  reference  stars. 

We  expect  an  accuracy  which  is  comparable  with  the  classi¬ 
cal  approaches  using  astrographic  techniques. 

In  view  of  the  importance  of  the  topic,  the  specific  advan¬ 
tages  and  the  expected  accuracy  of  the  technique,  we  expect 
CQSSP  to  make  a  valuable  contribution  to  the  establishment  of 
transformation  parameters  between  optical  and  quasar  refe¬ 
rence  system. 
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ABSTRACT.  The  astrometric  accuracy  of  the  recent  configuration  of  the 
(D=2m,  f=l&.5m)  RC  telescope  of  the  Rozhen  obesrvatory  (Bulgaria)  was 
tested.  We  compared  x  and  y  positions  from  a  plate  of  the  RC  telescpe 
with  positions  obtained  from  a  plate  of  the  (D=0.7m,f =3m)  CERGA 
Schmidt  telescope  at  CERGA  (France). The  positions  coincided  on  a  level  of 
0.09  arcsec,  which  is  caused  mainly  by  the  error  of  the  measurements  of 
the  CERGA  plate. 


INTRODUCTION 


This  investigation  has  a  long  history.  It  began  in  1981. Then  the  first  of 
the  authors  was  in  agreement  with  prof  .0. Kovalevsky  that  the  astrometric 
characteristics  of  the  field  of  the  2m  RC  telescope  at  Bulgarian  National 
Observatory  could  be  determined  using  plates, taken  with  the  CERGA  Schmidt 
telescope.  As  it  is  well  known  a  astrometric  test  of  a  telescope  can  be 
done  by  comparison  of  measurements  from  plates  of  that  telescope  with 
corresponding  ones  from  a  telescope  which  is  known  to  be  of  good 
astrometric  quality.  The  observations  were  carried  out  by  the  French 
colleagues  but  the  plates  were  not  jet  received  in  Bulgaria,  owing 
to  the  "competence"  of  the  "special  authorities"  of  the  Bulgarian  Embassy 
in  Paris.  And  the  history  started  again.  In  1987,  Nov.  17,  only  one 
plate  was  taken  on  the  CERGA  Schmidt  telescope  by  V.  Shkodroy  and  C. 
Pollas.  Th?  coordinates  of  the  1909  plate  center  are  RA  =  3  59”'40.0^, 
D  =  +41  47 ' 39. 99" . The  area  culminate  near  to  the  zeniths  of  the  two 
telescopes  at  CERGA  and  in  Rozhen.  The  plate  had  III  a-J  emulsion  with 
hypersensitization  310.  The  exposure  time  was  51  .  At  the  same  time  the 
changing  of  the  mirror  of  2m  Rozhen  telescope  again  delayed  the 
realization  of  the  test  problem.lt  continued  from  the  beginning  of  1988 
till  the  summer  of  1989, so  we  succeeded  to  take  plates  of  the  same 
area  at  the  end  of  1989.  Among  the  Rozhen  plates  we  used  only 
plate  1577,  taken  on  October  27,1989.  Kodak  III  a-0  emultion  with  a  GG385 
filter  was  used.  The  exposur  time  was  60  .  The  coordinates  of  the  plate 
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center  are  RA  =  04^01®41^  D  =  +42°16'59". 

COMPARISON  OF  THE  PLATES 

On  the  Ro2hen  plate  121  stars  equally  distributed  over  the  plate  and 
nearly  oi  the  sane  magnitude  have  been  narked  Tor  the  comparison.  They 
were  also  found  on  the  CERBA  plate.  The  CERBA  plate  was  measured 
on  the  ZEISS  Ascorecord  of  Rozhen  observatory  by  Shkodrov  and 
Ivanova, For  each  star  four  settings  were  done.  The  mean  error  of  the  mean 
was  ±2.0^/.  In  addition,  on  the  CERBA  plate  also  50  reference  stars  from 
the  ASK3  equally  distributed  over  the  plate  have  been  measured.  They 
were  used  for  the  transformation  of  the  rectangular  coordinates 
into  spherical  coordinates  cn  and  S.  For  this  transformation  we 

had  to  use  a  reduction  model  with  terms  up  to  the  third  order  of 
the  rectangular  coordinates  x  and  y.  The  deviations  of  the 

measuremants  from  the  catalogue  for  different  reduction  models  are 
given  in  Table  1, 


Table  i.  Mean  deviations  of  measurements  from  the  ABK3  positions  for 
diferent  reduction  models. 

_ _ 

linear  terms  16  16 

+quadratic  terms  13  13 

+cubic  terms  6  7 


The  internal  error  of  the  catalogue  from  two  independent  measurements  of 
the  CERBA  plate  was  of  the  order  of  ±  0,08  arcsec. 

The  Rozhen  plate  was  independently  measured  by  both  of  us  at  the 
ASCORECORD  of  Hoher  List  Observatory  (Beffert,  1986),  We  measured  the 
plate  in  four  orientations. The  measuremants  of  0  (respectively  90  )  were 
transformed  into  the  corresponding  ones  in  a  180  (270  )  orientation  and 

the  mean  was  taken.  After  that  a  mean  of  the  two  measuremants  (0  /180 
and  90^/  270^)  was  determined  for  each  of  us. The  mean  differarces  of  the 
various  comparisons  are  given  in  Table  2. 

Table  2.  Comparisons  of  measurements  of  the  Rozhen  plate 


_ _ _ 


Bef  0® 

Bef 

180° 

4 

6 

Bef  90° 

Bef 

270° 

4 

6 

Bef  0°/180° 

Bet  90 

°/270° 

4 

0 

Shk  0° 

Shk 

180° 

6 

10 

Shk  90° 

Shk 

270° 

9 

9 

Shk  0°/180° 

Shk  90 

°/270° 

6 

5 

Mean  Shk 

Mean 

Bef 

3 
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Table  2  indicates  that  the  systematic  errors  can  be  reduced  by 
measuring  the  plate  in  all  Tour  orientations.  Since  the  errors  in  this 
table  were  caused  by  both  measurements,  the  mean  accuracy  oT  our 
independent  mean  measurements  was  better  than  l/J  which  is  an  excellent 
value  Tor  the  visual  centering  oT  large  star  images. 

Comparison  oT  our  measurements  with  the  catalogue  obtained  Trom  the 
CER6A  plate  led  to  large  (  >108^1)  deviations  Tor  reduction  models  with 
linear  and  quadratic  terms  oT  the  rectangular  coordinates.  Only  the 
reduction  with  third  order  polynomials  resulted  in  errors  oT  b{J  (in  a) 
and  7p  (in  S)  which  correspond  to  0.07  and  0.08  arcsec  Tor  a  Tocal  length 
oT  16.5m. 


DISCUSSION 

IT  we  compare  these  deviations  oT  0.07/0.08  arcsec  with  the  0.08  arcsec 
internal  error  oT  the  positions  obtained  Trora  the  CERGA  plate,  the 
Ro2hen  telescope  can  be  used  Tor  Turther  precise  astrometric  work. 
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1.  Introduction 

The  accuracy  of  Very  Long  Baseline  Interferometry  (VLBI),  representing  one  of  the 
most  important  space  techniques  of  modern  geodesy,  especially  for  the  determination 
of  the  Earth’s  rotation  parameters  and  baselines,  is  steadily  increasing.  Presently, 
delay  residuals  are  of  the  order  of  30  -  50  ps,  corresponding  to  an  uncertainty  in 
length  of  about  1  centimeter  e.g.  in  the  determination  of  baselines  or  the  position 
of  the  rotation  pole.  As  has  already  been  stressed  by  many  authors,  at  this  level  of 
accuracy  a  relativistic  formulation  of  the  VLBI  measuring  process  is  indispensable 
(e.g.  the  gravitational  time  delay  for  rays  getting  close  to  the  limb  of  the  Sun  amounts 
to  170  ns!).  Starting  with  the  work  by  Finkelstein  et  al.  (1983)  a  series  of  papers  has 
meanwhile  been  published  on  a  relativistic  VLBI  theory  (Solfel  et  al.,  1986;  Helhngs, 
1986;  Zeller  et  al.,  1986;  Herring,  1989).  However,  possibly  apart  from  Brumberg’s 
treatment  in  his  new  monograph  (Brumberg,  1990)  all  of  these  theories  have  one 
fatal  drawback:  they  are  not  based  upon  some  consistent  theory  of  reference  frames, 
which  relates  the  global,  barycentric  coordinates,  in  which  the  measuring  process 
is  primarily  formulated  and  in  which  positions  and  velocities  of  the  bodies  of  the 
solar  system  are  computed,  with  the  local,  geocentric  coordinates,  comoving  with 
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the  Earth,  m  which  the  geodetically  meaningful  baselines  are  defined.  Furthermore, 
none  of  these  theories  (including  Brumberg’s  (1990)  treatment)  have  the  accuracy 
of  one  picosec  which  seems  desirable  with  respect  to  the  achieved  residual  values. 

This  article  presents  a  relativistic  VLBI  theory  with  an  accuracy  of  better  than 
1  ps.  It  is  based  upon  a  consistent  theory  of  reference  frames  in  the  solar  system 
which  first  has  been  introduced  by  Damour,  Soffel  and  Xu  (1990a-c)  and  complete 
at  the  first  post-Newtonian  level.  For  an  accuracy  of  1  ps  our  result  differs  from  zdl 
results  that  have  been  published  earlier. 


2.  Post-Newtonian  VLBI  Theory  For  The  Group  Delay 


We  consider  some  radio  signal  being  emitted  from  some  remote  source  at  barycentric 
coordinate  time  to  and  position  xq.  We  consider  two  “fight-rays”,  contained  in  the 
signal,  which  arrive  at  two  VLBI  antennas  (called  1  and  2)  at  coordinate  time  i\ 
and  ia-  This  barycentric  coordinate  time  i  is  also  called  TCB.  Let  us  denote  the 
Euclidean  unit  vector  from  the  source  to  the  barycenter  by  k  [k'k'  —  1).  Then  the 
barycentric  coordinate  arrival  time  difference  fa  -  h  to  first  post-Newtonian  order 
is  given  by 

At  =  t2  -  =  --  [xi{U)-  X2{i2)]  •  k  +  (At)grav,  (1) 

c 

where  ®t(i,)  denotes  the  barycentric  coordinate  position  of  antenna  i  at  coordinate 
time  it.  (At)grttv  is  the  gravitational  time  delay,  resulting  from  solving  the  equation 
for  null  geodesics  (fight  rays)  in  some  background  metric  describing  the  gravitational 
influence  of  the  Sun  and  the  planets.  To  sufficient  accuracy  (At)g,av  can  be  written 
as  a  sum  over  the  contributions  of  the  various  massive  bodies  in  the  solar  system. 

Now,  for  picosecond  accuracy  it  is  sufficient  to  consider  the  spherical  part  of 
the  gravitational  potential  in  (At)grav  only.  Taking  earlier  results  from  Richter  and 
Matzner  (1983)  we  estimate  the  contribution  from  the  quadrupole  moment  of  the 
Sun  to  the  time  delay  to  be  much  less  than  a  picosecond  (~  10“*®  s).  The  effect  from 
the  angular  momentum  of  the  Sun  (a  gravitomagnetic  effect  of  1 .5  post-Newtonian 
order)  is  of  the  same  order,  while  the  dominant  post-post  Newtonian  terms  are 
expected  to  be  less  than  about  0.5  picoseconds. 

For  the  solar  contribution  we  can  neglect  the  motion  of  the  Sun  about  the 
barycenter  and  the  usual  “light-time  equation"  for  the  spherical  field  can  be  written 
in  the  form  (e.g.  Soffel,  1989) 


/ »  ^ .  2Tn  .  , 

(At)  ~  - In 


/gfav 


/|®li  ~Xi-k\ 

\j®2!  -  »2  •  fc/  ’ 


(2) 


where  ®,  refers  to  t,  and  m..  ~  GM .  /c^  =■  1.48  km.  The  time  difference  At  can  be 
neglected  in  the  In-term  and  writing 


Xj  —  x.i.  Ar, 
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v/e  obtain  (Finkelstein  et  al.,  1983;  Zeiler  et  al.,  1986): 


(AOg.v 

~  '' 7-0(1  -  g@  •  fc)  +  Ari  •  (e©  -k)  +  {Ariff2r^  -  (ce  •  Ari)^/2r0 

~  c  ”  [r0(l  -  e©  ■  fc)  +  Ar2  •  (e©  -  A:)  4- (Ar2)^/27-©  -  (e©  •  Ar2)2/2re 


(3) 


with 

—  l®©l  —  (®©®®)  ^  • 


For  baselines  of  ~  6000  km,  the  (Ar,)^-terms  are  of  order  3  x  10“^^  sec  and  can  be 
neglected  for  picosec-accuracy. 

For  the  gravitational  time  delay  due  to  the  Earth  one  finds  (m©  =  GMqJc^  = 
0.44  cm) 


(At) 


9  ~ 

grav  — 


C 


jAril  —  Ari  •  k 

lAral- Ar2  -jbj  ’ 


(4) 


if  the  motion  of  the  Earth  during  signal  propagation  is  neglected.  Similarly,  for  any 
other  planet  A,  if  its  motion  is  neglected,  one  obtains 


2771^  Mg^il  -  xai  •  k' 
c  ''[\XA2\~XA2-k\' 


(5) 


where  ®>i,  =  Xt  —  x a-  Note  that  the  maximal  gravitational  time  delays  due  to 
Jupiter,  Saturn,  Uranus  and  Neptune  are  of  order  1.6(Jup),  .6(Sat),  .2(U)  and  .2(N) 
nanosec  resprectively,  but  these  values  decrease  rapidly  with  increasing  angular  dis¬ 
tance  from  the  limb  of  the  planet.  E.g.  10  aremin  from  the  center  of  the  planet  the 
gravitational  time  delay  amounts  only  to  about  60  picosec  for  Jupiter,  9  picosec  for 
Saturn  and  about  one  picosec  for  Uranus.  To  consider  the  barycentric  motion  of  the 
planet  during  signal  propagation  the  position  of  the  planet  might  be  taken  at  the 
time  of  closest  approach  (e.g.  Hellings,  1986);  it  is,  however,  unclear  how  good  this 
correction  for  the  planet’s  velocity  really  is. 

Let  us  define  baselines  at  signal  arriving  time  <i  at  antenna  1.  Let  the  barycen¬ 
tric  baseline  b  be  defined  as 


b{ii)  =  ®i(<i)  -  X2{ti), 


(6) 


then  a  Taylor  expansion  of  ^2(^2)  about  tj  yields  (0(7i)  s  0(c  ”)) 


At=  -  -{b-k) 


1  -f-  ^(^2  •  fc)  +  ^(®2  ■  kf  -  ~(6  ■  k){x2  k) 


b  (At)grBv  +  0{A), 


(7) 
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all  quantities  now  referring  to  barycentric  coordinate  time  i\.  We  call  this  relation 
the  “VLBI-delay  equation’’,  describing  the  barycentric  coordinate  time  delay  A< 
entirely  by  quantities  defined  in  the  global  system. 

We  will  now  relate  the  various  barycentric  quantities  with  corresponding  geo¬ 
centric  ones  apart  from  the  propagation  vector  k.  This  will  remind  us  that  the 
process  of  signal  propagation  from  the  source  to  the  antennas  cannot  be  formulated 
in  the  local,  accelerated,  geocentric  system.  We  now  v/rite  the  time  transformation 
in  the  form  (Damour  et  al.,  1990a-c) 

ci  =  zUT)  +  e“(T)A'“  -F  0(3) 

=  /  cel  dr  -1-  el  (T)A“  -h  0(3) 

=  c(r  -  To)  +  i  jT  (u(z^)  +  ii.?,)  dT'  +  i  je;(T).).V(r)A'“  +  o(3). 

Here,  T  =  TCG  is  the  geocentric  coordinate  time  and  A“  the  geocentric  spatial 
coordinate.  U  is  the  external  gravitational  potential  which  does  not  include  the 
contribution  from  the  Earth.  Replacing  T'  by  t'  in  the  integral  and  considering 
that  is  a  slowly  time  dependent  matrix  we  can  relate  At  =  i2  -  ii  with  the 
corresponding  local  time  interval  AT  =  ATCG  =  T2  -  T] : 


Ai  =  AT  +  i  r  (u(z.u)  + 


+  \  RyjT,)x;{T2)  -  i  R'y:.(T,  )x;{t,  )  +  0(4). 


With 


t;’,(T2)A7(T2)  -  t;*..A“  -  v\.V‘ 


bk 


■“  (I, I, -A  2 


bk 


+  0{2), 


where  quantities  on  the  right  hand  side  now  refer  t<>  Tj,  we  formally  get  the  relation 

rh 


Al^  ATi 


V  ■  B  <1  t 


!(v.  ■V2){b  k)  i  {a  Ar2){b  ■  k)'  *  0(1). 


(8) 


where 


5(7’,)  -  A, (7’,)  A2(7’,) 
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and 

B'  = 

v*  =  /I' I// 

Ar‘  = 

V2  is  the  geocentric  velocity  of  antenna  2.  Next,  we  will  relate  the  barycentric  base¬ 
line  vector  6(ti)  appearing  in  the  VLBI-delay  equation  (7),  with  the  corresponding 
geocentric  one  B{Ti).  Using  the  notation  of  Damour  et  al.  (1990a-c)  we  find 

=.;((,)  -  =  4(‘i)  -  4(‘2)  +  -  x‘(%)) 

-  ^  (j*-®"®  +  +  V(T,.Xt)  -  (9) 

with 

f  = 

and 

With 

^\{h)  -  *2(^2)  b\ti)  -  (At)x2(ti)  - 

and 

.Yf(T.)  -  XJ(T,)  ~  B*(T,)  -  AT  -  I  f^X;)  ^AT)^ 

where 

AT  =  At-f  jB -1-0(3), 

c 

(the  integral  in  (8)  is  practically  of  order  c“’)  the  desired  relation  between  barycen¬ 
tric  and  geocentric  baselines  reads 

6’  =  5*  -  ~(v,,  ■  By,  ~  ~  Qu’.v.l  -1-  Uiz  )S,k^  4  Ar  ^  0(3)  (11) 

with 

A^‘=e’(7'i,A7)-a7^2,X“). 


1  4“ 


A'“(A®  .  X) 


+ 0(4) 


(10) 


Using  equation  (8),  the  VLBI-delay  equation  (7)  for  (At)  and  the  relation  (11)  for 
the  baselines  v/e  obtain  the  formal  expression  (B  •  fc  =  B'k'  etc.); 

AT  = 

-  -(B  •  k)  -  ■  k)k  ■  (VQ  +  V,)  +  ~{vq  ■  B) 

C  c 

+  +  ^2))^  +  ^{B  ■  k)U{zQ) 

c*^  c  c 

+  ■  ^)("®  •  +  ^(^®  ■  ■®)(^2  ■  ^  ^  di' 

-  +  ^{B  ■  k^kiae  +  V2)  +  ^(B  •  k){ae  •  Ars) 

+  (^^)Erav  +  0(4).  (12) 

Keeping  only  terms  with  amplitudes  greater  than  1  picosec  for  baselines  of  the  order 
of  6000  krn,  we  approximately  find: 

AT  = 

-  -(B  •  k)  ~  ~{B  ■  k)k  ■  {v(Xj  +  V2)  +  ■  ■®) 

c  c  c 

+  ~(v®  •  V2){B  ■  k)  -  ^(B  •  k)[k  ■  (ue  +  V2)f  +  ~(B  ■  k)  (^2t/(z®)  +  j 

+  2^^^®  ^)(^®  ■  B)  +  ^'(v®  ■  B)(u2  ■  k)  -v  (At)grav  (13) 

Finally,  the  geocentric  coordinate  time  T  can  be  related  with  proper  time  t  as 
indicated  by  some  (atomic)  clock  located  at  some  VLBI  station.  Neglecting  ",11  tidal 
effects  on  local  clock  rates  for  clocks  at  rest  at  the  Earth’s  surface  we  find 

^  ~  1  - 1  (u,i,(x)  +  t(r!  X  xf^  =  1  -  (m) 

where  [/(j.  is  the  gravitational  potential  of  the  Earth  and  VI  is  the  angular  velocity 
of  the  Earth’s  rotation.  This  can  be  written  in  the  form 

dr~  1  -  it/"..  +  dT,  (15) 

where  17®  is  the  geopotential  at  the  geoid,  g{i')  —  (9.78027  +  0.05192  sin'^  V')  x 
10^  cm/s^  is  the  latitude  dependent  gravity  acceleration  and  h  is  the  height  above 
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the  geoid.  Instead  of  using  this  formula  for  the  T  t  relation,  we  split  it  into  two 
parts,  defining  r*  =  TT  as  proper  time  on  the  geoid: 

dr*  =  d(TT)  =  dT  =  KodT  =  kq  d{TCG)  (16a) 

dr  =  ^1  +  d-T" .  (16b) 

The  constant  kq  relating  r*  with  the  geocentric  coordinate  time  T  has  the  numerical 
value 

/Co  ~  1  -  6.9  X  10"^®. 

Finally  we  would  like  to  adress  the  question  of  the  orientation  of  spatial  coordinates 
of  the  local  geocentric  system.  This  orientation  is  determined  by  the  matrix  R\ 
(remember  that  in  eqs.(12)  and  (13)  B  k  =  with  S*  =  /{^B“).  There  are  two 
preferred  choices  for  R\  leading  to  geocentric  coordinates  which  are  either 

-  fixed  star  oriented  (kinematically  non -rotating) 

-  or  locally  inertial  (dynamically  non-rotating). 

In  the  first  case  of  kinematically  non-rotating  coordinates  we  can  take  R\  =  6* .  Then 
the  geodesic  precession  will  be  in  the  precession-nutation  matrices  as  well  as  in  the 
dynamical  equations  (e.g.  for  satellies  orbiting  the  Earth);  it  will  not  appear  in  the 
group  delay  equations  (12)  or  (13).  On  the  other  hand  if  dynamically  non-rotating 
geocentric  coordinates  are  chosen  then  the  geodesic  precession  (secular  and  annual 
term)  has  to  be  included  in  the  7?^  matrix.  In  this  case  the  precession-nutation 
matrices  (and  dynamical  equations)  do  not  contain  the  geodesic  precession. 
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SYSTEMATIC  CORRECTIONS  TO  THE  FUNDAMENTAL  CATALOGUE 
DUE  TO  THE  PRECESSION  ERROR  AND  THE  EQUINOX  CORREC¬ 
TION 


Mitsuru  Soma 
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Mitaka,  Tokyo  181,  Japan 


ABSTRACT.  Fundamental  catalogues  of  stars  have  systematic  errors  due  to  the  pre¬ 
cession  error  and  the  equinox  correction.  The  formula  for  these  errors  to  be  applied  to  the 
FK4  is  presented. 


1.  Introduction 

Firndamental  catalogues  of  stars  have  been  compiled  mainly  from  meridian  observations. 
The  adopted  precession  constant  is  obtained  from  analyses  of  stars’  proper  motions,  and 
the  adopted  position  at  any  epoch  of  the  zero-point  in  right  ascension  (equinox)  is  obtained 
from  analyses  of  positional  observations  of  the  Sun,  Moon  and  planets  in  addition  to  a 
study  of  stars’  proper  motions.  When  a  new  fundamental  catalogue  is  constructed,  a  de¬ 
cision  is  mads  whether  the  precession  constant  and/or  the  position  of  the  equinox  should 
be  changed  or  not.  In  the  case  of  the  Fifth  Fundamental  Catalogue  (FK5)  (Fricke  et  al. 
1988),  the  correction  to  Nev/comb’s  precession  constant  obtained  by  Fricke  (1977)  and  the 
correction  to  the  position  of  the  FK4  equinox  derived  by  Fricke  (1982)  are  adopted. 

In  the  course  of  investigating  the  transforination  from  FK4  system  to  FK5  system.  Soma 
and  Aoki  (1990)  have  obtained  the  foimula  for  the  systematic  correction  to  the  FK4  due 
tc  the  errors  in  the  precession  constant  and  in  the  location  of  the  equinox.  In  deriving  the 
formula  they  assumed  the  equinox  correction  (error  in  the  location  of  the  equinox)  to  be 
expressed  by  a  linear  function  of  time,  but  the  linearity  carnot  be  assumed  a  prion. 

In  this  paper  we  derive  the  formula  for  the  systematic  correction  to  the  FK4  without 
assuming  the  linearity  of  the  equinox  correction  and  show  that  Soma  and  Aoki's  assumption 
is  valid  up  to  the  10'  ^^/centurv". 


2.  Derivation  of  the  Formula 

We  will  deal  with  the  systematic  corrections  to  the  Flv4  due  to  the  errors  in  the  pie- 
ce.Hsion  and  in  the  location  of  the  equinox.  For  this  purpose  we  will  ignore  the  .systematic 
correct  ion.s  to  the  l'K4  at  the  epoch  of  D1950.0.  In  this  paper  it  is  assumed  that  tiu*  1,  terms 
ol  aberration  (the  elliptic  part  of  .aberration  due  to  the  eccentricity  of  the  Earth's  orbit) 
ate  already  removed  horn  the  positioti;,  and  pioper  inotsons. 
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The  position  vector  r  and  velocity  v  in  this  paper  are  related  to  the  right  jiscension  a, 
declination  <5,  proper  motions  in  riglit  ascension  (in  radians/tropical  century)  and  in 
declination  (in  radians/tropical  centiiry),  radial  velocity  ’/  (in  km/sec),  and  parallax  tt 
(in  radians)  by  the  following  formulae: 

/  cos  6  cos  o  \  /  -  cos  ^  sin  a  \ 

r=  I  cos^sino  1  and  v  = /«„  I  cosdcoso  j  +  m 
\  sin  6  J  Vo/ 

The  3x3  unit  matrix  'S  denoted  by  I. 

The  position  vector  r  and  velocity  u  of  a  star  in  the  FK5  system  are  related  to  the 
position  vector  ri  and  velocity  vi  of  the  star  in  the  FK4  system  by  the  following  equations: 

/’iAU7G(Bl950.0,t)(r  +  ui)|,=()  =  /?3(-£^(i))PNEvvc(Bl950.0,  t)(ri  ■4-uit)j,=o, 

J  /{  ^  ’ 

^[-BiaU7g(B1950.0,  t)(r  +  ut)]|/=o  =  — [/{3(-£(t))PNBWc{Bl950.0,  t)(7'i  +  vit)]|(z:u, 


—  sin  5  cos  a  \ 

—  sin  6  sin  O'  j  +  21.0945027rV’r. 

cos  (5  / 


where  the  vectors  r,  v,  ri,  and  vi  are  evaluated  at  the  epoch  of  B1950.0,  P{T\,T2)  = 
/?3(~-2,4)/^2(^a)-/?3(~Ca)  is  the  3x3  precession  matrix  for  the  equatorial  coordinates  from 
the  epoch  Ti  to  the  epoch  To  based  on  either  Newcomb’s  precession  (subscript  NEWC) 
or  the  lAU  (1976)  precession  (subscript  IAU76),  R,  is  the  standard  3x3  rotation  matrix 
about  the  iti,  axis,  E{t)  is  the  equinox  correction,  and  t  is  the  time  reckoned  from  B1950.0  in 
tropical  centuries.  The  variables  (,4,  z/[  and  0^  denote  the  equatorial  precession  parameters 
(see  Lieske  el  al  1977).  The  above  equations  were  given  by  Aoki  el  al.  (1983)  and  their 
correctness  has  been  confirmed  by  Soma  and  Aoki  (1990). 

Since 


,  /  0  -m  -n\ 

P(Bl950.0,0|(=o  =  /  and  ~F(B1950.0, 0|(=o  =  m  0  0  ,  (2) 

[n  0  0  / 

we  obtain  from  solving  Eq.  (1)  the  following: 

r  =  Mi’i  and  v  =  Nri  +  Mi)i, 

where 

(cos Eo  -  sin Eo  0 \ 
sin  Eo  cos  Eo  0  , 

0  0  1/ 

/  (m^'  -  -  E)s'n\  Eo  (m^  -  -  E)cosEo 

N  =  j  -(m^  -  -  E)  cos  Eo  (rn^  -  -  E)  sin  Eo 

V  -n^'  cos  Eo  +  n''^  sin  Eo 

In  the  above  equations  Eo  and  E  are  tlie  values  of  the  equinox  correction  and  its  first 
derivative  at  B1950.0  derived  by  Fricke  (1982),  and  m  and  n  are  the  rates  of  general 
precession  in  right  ascension  and  declination,  respectively,  based  on  the  Newcomb  precession 
(superscript  0)  and  the  lAU  (1976)  precession  (superscript  N).  The  quantities  m  and  n 
are  obtained  from 


(3) 


(4) 


71^  -  cos  Eo ' 
sin  Eo 
0 


and  n  =  — 


(5) 
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where  T  is  evaluated  at  the  epoch  of  B1950.0. 

The  position  vector  sfk4(0  the  FK4  system  with  respect  to  the  mean  equinox  of  date 
is  given  by 

sfi<4(0  =  /’NEWc(Bl950.0,t)(ri  +  vit).  (6) 

The  position  vector  sfkgCO  ^he  FK5  system  with  respect  to  the  mean  equinox  of  date 
is  given  by 


^FKsCt)  =  /^AU7G(B1950.0,l)(r  +  t;/,) 

=  PiAU7G(B1950.0,f)((M  +  Nt)ri  +  Mivi].  (7) 

The  difference  between  (6)  and  (7)  is  mainly  due  to  the  equinox  correction  at  the  epoch  t. 
The  systematic  correction  other  than  the  equinox  correction  expressed  as  P  +  Pt  is 
obtained  by 


5fK5(0  ■■  PafpQ  +  Pi)5FK4(0 


' +0.0003 

+0.3170 

-0.3170 

+0.0001 

,+0.1234 

-5.9233 

/ +0.0059 

+0.0991 

-0.0415 

+0.0071 

V -0.0668 

-0.0005 

-0.1235  \ 

+5.9231  X  10"®t^ 

+0.0002/ 

-0.0657  \ 

+0.0009  X  10-®t^ 
-0.0013/ 


/ +0.0016  -0.0001 
+  +0.0001  +0.0016 
V +0.0000  +0.0007 


-f  0.0000  \ 
+0.0000 
+0.0001  / 


X  lO'^t"* 


ri 


+ 


/ +0.0000 
-1.1539 
\+2.1113 


+1.1539  -2.1113' 
+0.0000  +0.0247  X 
-0.0247  +0.0000/ 


/ +0.0053 
+  -0.0032 
\ +0.0012 


+0.0034  -0.0018  \ 

+0.0258  +0.0120  X  10'®t^ 
-0.0480  -0.0205/ 


/ +0.0001 

+  -0.0004 

\  -0.0006 


+0.0006 

+0.0001 

+0.0000 


+0.0000  \ 

+0.0000 

+0.0000/ 


X  lO-'^t'* 


(8) 


where  the  difference  is  expanded  to  the  polynomial  of  t.  The  ri-term  is  the  regional 
systematic  correction,  and  ui-term  is  the  correction  depending  on  the  star’s  velocity  which 
contributes  to  the  individual  correction. 


3.  Comparison  with  the  Previous  Result 

Eq.  (8)  shows  the  systematic  corrections  to  the  FK4  due  to  the  errors  in  precession  and  in 
the  location  of  the  equinox.  The  corresponding  difference  in  accord  with  the  discussion  by 
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Soma  and  Aoki  (1990)  is  obtained  from  their  Eqs.  (12a)  and  (13): 


Pnewc(B1950.0,  OKA'S  -  XxX^^Xi)Xoh‘^  +  (A:3  -  X2Xo^Xi)Xoh^]rx 


+ 


-0.3148 
,+0.1354 
/ +0.0058 
-0.0430 
I,  -0.0746 
+0.0017 
+0.0001 
,+0.0000 
' +0.0000 
-1.1539 
,+2.1112 
/ +0.0053 
-0.0031 
^+0.0014 
'  +0.0001 
+0.0001 
,  +0.0000 


+5.9231  X  10"®t2 


+/'NEWc(Bl950.0,l)(A'iAo-^i2  +  X2Xoh^)vi 
+0.0002  +0.3148  -0.1354  \ 

-fO.OOOl 
-5.9232 
+0.1006 
+0.0070 
-0.0007 
-0.0001 


+0.0002/ 
-0.0579  \ 
+0.0007  X  10 
-0.0014/ 
-0.0001  \ 

+0.0016  +0.0002  X 
+0.0007  +0.0001  / 
-2.1112\ 
+0.0247 

+0.0000/ 

-0.0019  \ 
+0.0120  X 

-0.0205/ 

-0.0007  \ 


-8^3 


+1.1.539 

+0.0000 

-0.0247 

+0.0034 

+0.0258 

-0.0480 

+0.0002 

+0.0001 

+0.0000 


X  10"V 


10' 


-0^3 


-0.0001  X  10"°t^ 

+0.0000/ 


ri 


ui. 


(9) 


Note  that  Eq.  (12a)  of  Soma  and  Aoki  is  with  respect  to  the  reference  frame  of  B1950.0 
and  therefore  the  difference  is  multiplied  by  Pnewc  to  express  the  difference  with  respect 
to  the  frame  of  date. 

The  difference  between  (8)  and  (9)  is  less  than  10~*®/century^  which  is  equal  to  2  x 
10  ■’arcsec/century^.  Therefore  the  linearity  assumption  of  the  equinox  correction  is  valid 
within  this  accuracy. 

The  calculations  were  carried  out  on  the  FACOM  M780/10S  of  the  National  Astronomical 
Observatory  of  Japan. 
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ABSTRACT.  In  the  framework  of  CONFOR  program  the  formation  of  star  lists 
of  two  intermediate  reference  star  systems  is  being  carried  out.  The 
first  list,  RRS2,  contains  meridian  stars  in  the  fields  centered  at 
extragalactic  radio/optical  sources. The  second  one  is  formed  on  the  base 
of  12-14  magnitude  stars.  The  observations  are  in  progress  now.  The  main 
purpose  of  this  program  is  to  form  a  base  for  investigation  of  mutual 
orientation  of  fundamental  reference  system  and  new  ones. 


In  the  frame  of  program  CONFOR  described  earlier  by  Gubanov  et  al.(1989) 
the  work  on  establishment  of  intermediate  reference  systems  for  photo- 
raphic.  determinations  of  extragalactic  radiosourcc  positions  is  being 
carried  out.  This  program  has  ns  an  aim  the  investigotion  of  connection 
Wetveen  radiointerferometric  and  optical  coordinate  frames.  The  work  is 


Fig.l.  Distribjtion  o{  FRS2  stars 


visual  wagnitude 
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in  progress  now  concerning  forwQ'tion  of  observotioncil  lishs  ond  positrion 
determinations  of  stars  belonging  to  two  systems  of  intermediate  refe¬ 
rence  stars  in  the  vicinity  of  238  extragalactic  sources  by  Argue  et 
al.  (1984). 

The  first  system  (RRS2  list)  contains  from  9  to  13  stars  per  field. 
They  are  attainable  for  visual  TCs,  sec  Tcl'nyuk-Adamchuk  and  Holotay 
(1989),  The  prepared  list  RRS2  contains  2575  stars  throughout  the  whole 
sky.  The  mean  visual  magnitude  of  RRS2  stars  is  8.5.  There  are  near  90 
per  cent  stars  brighter  than  9.1  visual  magnitude  in  the  RRS2  list 
(Fig.l).  The  angular  distances  between  sources  and  RRS2  stars  do  not 
exceed  40  aremin  as  a  rule.  Displacement  of  reference  stars  center  from 
a  source  in  the  field  is  less  than  5  aremin  as  a  rule  (Fig. 2).  The 
distribution  of  RRS2  stars  in  declination  zones  and  in  spectral  classes 
are  represented  in  Fig. 3  and  Fig. 4. 

The  corresponding  observations  started  in  1989  using  several  TCs 
(Kiev,  Kazan',  Odessa,  Bucharest,  Belgrade).  Several  other  observatories 
(e.g.  Bordeaux)  are  planning  to  join  this  campaign.  There  is  more  than  a 
half  of  RRS2  stars  in  the  program  of  Carlsberg  meridian  circle.  The 
zones  of  observations  are  shown  in  Fig. 5.  Meanwhile  it  is  very  important 
to  use  modern  instruments, especially  southern  ones.  All  the  data  concer¬ 
ning  the  stars  of  RRS2  list  can  be  sent  by  Kiev  Observatory  to  any  ob- 
observatory  which  is  interested  iTi. 

On  the  base  of  the  material  available  now  and  that  obtained  as  a 
result  of  the  given  program  it  is  planned  to  compile  the  combined  cata¬ 
logue  of  RRS2  stars  for  the  purposes  of  astrometry  of  extragalactical 
sources. 

In  1988  Kiev  Univ. Observatory  started  the  astrophotographic  obser¬ 
vations  (astrograph  20/430  cm)  of  these  fields  to  choose  and  determine 
the  positions  of  stars  of  12-14  mag. in  the  fields  of  20-30  aremin  cente¬ 
red  at  each  radiosource. There  are  10-20  stars  of  this  kind  in  each  field. 
The  coordinates  of  the  stars  mentioned  will  be  obtained  on  the  base  of 
RRS2  stars  as  the  reference  ones.  For  the  sake  of  positional  accuracy 
we  plane  some  spectrophotometrical  investigations  of  12-14  mag.  stars. 

It  is  reasonable  to  specify  clearly  the  star  list  of  these  two 
systems  and  to  observe  them  intentionally  collecting  the  positional  data. 
This  will  enable  to  spread  the  optical  frame  onto  the  intermediate  stars 
as  well  as  onto  the  sources  themselves.  As  a  result  a  good  base  for 
investigation  of  the  mutual  orientation  of  the  fundamental  frame  and  new 
ones  will  be  given.  The  astrometrical  data  for  the  sets  of  stars  in  two 
magnitude  ranges  in  many  fields  of  the  sky  will  be  useful  for  purposes 
of  stellar  astronomy  too. 
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satellites  and  quasars,  gives  us  the  possibility  of  determining 
astronomical  coordinates  with  greater  precision  chan  the  classical  optical 
techniques.  If  we  are  aiming  at  precision  of  1  mas  (O'.'COl) ,  we  have  to 
be  extremely  careful  about  our  definitions  of  models,  constants,  and 
reference  systems. 


I 


I 

I 


2.  Observed  values  of  the  nutations 


The  values  adopted  for  the  main  term  of  the  nutation  in  obliquity,  the  so- 
called  constant  of  nutation  ,  during  the  last  hundred  years,  were  based 
on  the  observed  values  while  Che  following  terms  (semiannual  and 
fortnightly)  were  based  on  theoretical  values.  This  approach  is,  of 
course,  inconsistent  from  a  logical  point  of  view  but  it  was  justified  for 
two  main  reasons: 

1.  The  main  term,  due  to  its  importance,  was  derived  from  observations 
because  in  any  transformation  of  coordinates  we  should  have  the  best 
possible  value  available  in  order  to  minimize  Che  errors;  the 
observed  value,  corresponding  to  the  real  structure  of  the  Earth, 
satisfied  that  requirement  because  the  theoretical  value  corresponds 
to  an  imperfect  theory. 

2.  The  semiannual  and  fortnightly  nutations  were  derived  from  theory 
because  their  magnitudes  were  so  small  chat  it  was  very  difficult 
to  determine  reliable  values  from  Che  classical  optical 
observations . 

Let  us  describe  briefly  the  history  of  this  subject  to  see  not  only  Che 
limitations  imposed  by  the  theory  of  forced  precession  and  nutation,  but 
also  to  avoid  the  mistakes  made  in  the  past.  Some  of  the  observed  values 
of  the  main  term  of  the  nutation  in  obliquity  (N) ,  determined  from 
classical  optical  observations,  are  shown  in  Table  I. 

TABLE  I 

AUTHOR  INTERVAL  OF  THE  OBSERVATIONS  N 


Newcomb(1895) 


Spencer  Jones 
(1939) 

Morgan(1943) 

Fedorov(1958) 


old  observations  9'.'210r0'.’008 

of  greater 
confidence 

1911-1936  9V2066±0'.-0055 


1903-1925  9V206±0';007 

1900- 193A  9'.'1980±0V0018 


The  great  difficulty  in  determining  this  nutation  from  the  observations 
stems  from  the  fact  chat  it  has  a  long  period  of  about  19  years,  and, 
therefore,  Che  observations  should  cover  several  periods  in  agreement  with 
the  best  principles  of  statisricai  analysis.  Unfortunately,  the  great 
majority  of  observations,  so  far  done,  do  not  satisfy  this  fundamental 
requirement . 

Let  us  comment  briefly  on  the  values  of  N  listed  in  Table  I.  The  value 
determined  by  Newcomb  was  based  on  observations  made  during  several 
periods  employing  different  observational  techniques,  but  it  has  the 
inconvenience  common  to  all  observations  made  more  than  a  century  ago, 
that  is,  the  low  precision  of  the  techniques  employed  at  that  time.  The 
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values  determined  by  Morgan  (1943)  and  Spencer  Jones  (1939)  correspond  to 
22  and  25  years  of  observations  and,  therefore,  are  not  as  reliable.  The 
value  obtained  by  Fedorov  (1958)  covers  a  period  of  34  years,  which  is 
therefore  better  than  any  other  values  but,  again,  not  reliable  enough 
from  a  proper  statistical  point  of  view. 

The  short  period  nutations,  semiannual  and  fortnightly,  have  been 
difficult  to  determine  from  the  classical  optical  observations  because  of 
their  smaller  amplitudes.  All  these  values  suffered  from  the  fact  that 
the  instruments  were  localized  at  only  one  observatory  or  that  they  were 
determined  from  the  International  Latitude  Service  (ILS)  chain  of 
instruments  situated  at  the  same  latitude.  Nevertheless,  the  results  were 
remarkable  and  we  must  remember  that,  in  those  days,  we  had  scanty 
knowledge  about  geodynamics,  namely,  the  behavior  of  the  core  and  plate 
tectonics . 

The  advent  of  the  modern  technique  of  Very  Long  Baseline  Interferometry 
(VLBI)  has  opened  the  possibility  to  determine  the  values  of  nutation  from 
this  type  of  observation.  Here  we  have  to  distinguish  the  case  of  the 
short  period  nutations  from  the  main  nutation.  So  far,  the  VLBI 
obseirvations  (Herring  ^  1986)  suffer  from  the  same  difficulties  we 

have  already  pointed  out  for  the  classical  observations,  that  is,  very  few 
instruments  and  the  localizations  of  the  observatories  are  ..ot  the  best 
from  the  point  of  view  of  global  tectonics  and  the  stability  of  the  sites. 

We  know  very  well  the  need  for  regular  and  systematic  observations  and, 
therefore,  the  more  reliable  VLBI  observations  are  the  ones  corresponding 
to  the  International  Radio  Interferometric  Surveying  (IRIS)  network  which 
started  around  1984.  This  short  Interval  of  observations  conditions 
immediately  the  determination  of  the  values  of  the  two  types  of  nutation. 

1.  It  rules  out  the  possibility  of  determining  the  main  nutation,  with 
a  period  of  about  19  years,  or  of  any  other  long  period  nutation. 
This  is  in  agreement  with  the  proper  use  of  statistical  techniques. 
A  number  of  research  papers  have  been  published,  dealing  with  the 
determination  of  the  main  nutation  term,  but  the  results  cannot  be 
trusted  for  the  above  mentioned  reasons. 

2.  The  case  of  the  short  period  nutations,  name'..y,  the  semiannual  and 
fortnightly,  is  slightly  better  because  the  observations  of  the  IRIS 
network  already  cover  several  periods.  The  difficulty  with  these 
nutations  is  that  their  amplitudes  are  very  small  and,  therefore, 
the  need  for  a  well-distributed  network  of  observatories  is  very 
important.  This  last  condition  is  not  yet  satisfied  by  the  IRIS 
network  and,  therefore,  the  results  so  far  obtained  should  be 
considered  with  great  care. 


3.  Comparison  of  theoretical  and  observed  values  of  the 
nutations 

Let  us  consider  briefly  the  history  of  the  comparison  between  theoretical 
and  observed  values,  and  the  relationships  between  luni- solar  precession 
and  nutation.  The  research  of  Hill  (1893)  gave  for  the  theoretical 
expressions  of  the  constants  of  luni-solar  precession  P  and  nutation  N  the 
following  : 


p  a  c  -  A  I  01+02  u  \ ,  N  -■  C  -  A  03 

l+^^  I 


C 


C 


-JL. 

I+/1 


(1) 
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where  A  and  C  are  the  principal  moments  of  inertia  of  the  Earth,  /i  is  the 
ratio  of  the  mass  of  the  Moon  to  that  of  the  Earth,  and  Oi,  03,  and  03  are 
accurately  known  constants  for  a  certain  epoch.  These  expressions  show 
the  close  relationships  between  precession  and  nutation  which  is  logical 
because  they  correspond  to  complementary  parts  of  the  theory  of  the 
Earth's  rotation. 

The  rigid  body  theory  developed  by  Woolard  (1953)  employed  Newcomb's 
value  of  the  constant  of  nutation  (9*.'2100)  for  the  determination  of  the 
amount  of  the  other  nutations,  for  instance,  the  semiannual  (0'.’5522)  and 
fortnightly  (0'.'0884)  in  obliquity. 

The  several  comparisons  of  the  observed  and  theoretical  values  of  the 
nutations,  done,  for  instance,  between  1930  and  1950,  showed  that  the 
theoretical  values  were  always  different  from  the  observed  ones .  One  of 
the  first  scientists  to  point  out  this  discrepancy  was  Jackson  (1930) . 
The  explanation  of  this  disagreement  was  one  of  the  outstanding 
difficulties  of  the  system  of  astronomical  constants.  The  approach  of 
Herring  (1988)  to  derive  observational  corrections  to  the  principal 
nutations  from  VLBI  observations  is  not  valid  for  all  the  reasons  already 
mentioned.  Incidentally,  \le  should  notice  that  most  VLBI  results  are 
derived  employing  the  same  computer  program,  for  instance  "CALC",  and, 
therefore,  the  final  values  are  similar. 

Another  comparison  has  been  obtained  by  McCarthy  and  Luzum  (1991) 
employing  VLB!  data  and  Lunar  Lasfer  Ranging  (LLR)  data.  In  spite  of  the 
fact  that  the  VLBI  series  is  not  yet  of  sufficient  duration,  the 
combination  with  the  longer  LLR  series  improves  the  results.  The  authors 
use  the  correct  procedure  of  employing  the  adopted  lAU  theory  of  nutation 
(Seidelmann  1982)  and  determining  corrections  for  the  principal  nutation 
terms.  In  this  way  we  can  improve  the  knowledge  of  the  nutation 
coefficients  from  the  observations  which  represent  the  behavior  of  the 
real  earth. 

Recent  research  on  the  comparison  of  catalogues  of  extragalactic  radio 
sources  employed  in  VLBI  observations  (Walter  1991) ,  point  out  that  the 
nutation  models  applied  to  the  reduction  for  the  original  measurements 
have  not  been  used  in  a  consistent  way.  This  is  obviously  an  additional 
cause  of  concern. 


4.  Influence  of  the  Earth's  structure  on  precession  and 
nutation 

The  theory  of  the  Eartli's  rotation  up  to  the  time  of  Woolard  (1953)  was 
based  on  models  of  the  Earth  considered  as  a  solid  and  rigid  body.  One 
of  the  reasons  for  admitting  this  hypothesis  was  the  lack  of  detailed 
knowledge  about  the  internal  structure  of  our  planet.  The  advances  made 
in  internal  geophysics,  especially  based  on  seismologicai  research, 
permitted  the  determination  of  the  main  parameters  for  all  the  layers 
which  were  considered  significant  for  defining  the  internal  structure 
(Bullen  1963). 

One  of  the  main  features  of  the  structure  of  the  Earth  is  the  existence 
of  a  core  divided  in  two  regions  -  outer  and  inner  core.  The  outer  core 
is  considered  as  fluio  while  the  inner  core  is  considered  as  solid;  the 
expressions  fluid  and  solid  for  the  core  have  seismologicai  meaning, 
referring  to  the  behavior  of  the  core  when  seismic  waves  propagate  through 
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it.  We  do  not  yet  have  the  possibility  of  reproducing  in  our  laboratories 
the  conditions  of  pressure  and  temperature  which  exist  inside  the  core. 
The  Importance  of  a  fluid  core  on  studies  dealing  with  precession  and 
nutation  of  rotating  bodies  have  been  pointed  out  in  some  classical  papers 
(Hough  1895,  Poincard  1910).  Unfortunately,  all  these  studies,  when 
applied  to  the  case  of  the  Earth,  only  considered  the  case  of  a  rigid 
Earth,  and,  therefore,  they  were  not  very  adequate  models  because  they 
ignored  the  existence  of  elasticity.  The  research  of  Jeffreys'  (1949, 
1950)  emphasized  the  importance  of  the  liquid  core. 

The  theory  of  nutation  that  first  considered  the  existence  of  a  liquid 
core  and  the  elasticity  of  the  mantle  was  developed  by  Jeffreys  and 
Vicente  (1957).  Another  important  feature  of  this  theory  refers  to  the 
relevance  of  the  ellipticity  of  the  core  for  the  values  of  certain  types 
of  nutation.  This  theory  also  pointed  out  that  the  external  forces  (due 
to  the  Sun  and  Moon)  which  cause  the  forced  nutation  also  give  rise  to 
tidal  attractions,  deforming  the  Earth,  and  corresponding  to  the  tides  of 
the  solid  Earth.  For  instance,  the  forced  nutations  correspond  to  diurnal 
tides.  This  theory  shows  that,  because  of  the  ellipticity  of  the  core, 
there  is  a  great  difference  between  the  displacements  that  alter  the 
direction  of  the  principal  axis  and  other  displacements  that  do  not 
affect  its  position.  All  diurnal  tides  tend  to  alter  the  position  of  the 
axis  of  rotation  and,  therefore,  apply  to  the  forced  nutation. 

We  must  remember  that  in  the  dynamics  of  rotating  bodies  we  only  have 
nutation,  that  is,  oscillations  of  the  axis  of  the  body  around  a  main  axis 
considered  as  fixed.  The  fact  that  some  of  the  nutations  present  special 
features  led  to  their  classification  as  precession.  In  the  case  of  the 
Earth,  the  luni-solar  precession  corresponds  to  a  nutation  with  a  period 
of  about  26,000  years  and  that  implies  certain  features  for  this  motion. 

The  solution  of  the  equations  of  motion  corresponding  to  the  theory  of 
the  Earth's  rotation,  adopting  a  Lagranglan  formulation,  that  is,  in  terms 
of  displacements,  reveals  chat  the  roots  are  grouped  in  pairs  near  certain 
values.  This  is  an  important  feature  in  this  theory,  producing  a 
phenomenon  which  was  called  "double  resonance"  by  Poincare  (1910) .  We 
have  Co  consider  two  cases. 

1.  If  there  is  only  resonance,  that  is,  only  one  root  very  near  to  the 
period  of  one  of  the  free  oscillations  of  the  system,  the  system 
behaves  nearly  as  a  solid  body  and  the  fluid  core  has  no  influence 
on  the  period  of  the  oscillation. 

2.  If  there  is  double  resonance,  that  is,  a  pair  of  roots  very  near  to 
the  period  of  one  of  the  free  oscillations  of  the  system,  Che 
influence  of  the  fluid  core  becomes  important  and  the  amplitude  of 
the  nutation  will  be  different  in  comparison  with  a  solid  body. 

Case  1  applies  to  the  luni-solar  precession  and,  therefore,  the 
existence  of  the  fluid  core  does  not  affect  the  values  obtained  for  the 
precession  because  the  Earth  behave.s  as  a  solid  body.  Case  2  applies  to 
the  forced  nutations,  namely,  having  periods  of  6798.4,  182.6  and  13.7 
days.  The  existence  of  elasticity  does  not  alter  the  conclusions 
referring  to  double  resonance.  The  fundamental  difference  between  Case 
1  (resonance  -  valid  for  the  luni-solar  precession)  and  Case  2  (double 
resonance  -  valid  for  the  luni-solar  nutation)  shows  that  it  is  far  more 
difficult  to  consider  suitable  models  of  the  Earth's  structure  for  the 
theory  of  nutation  than  for  the  theory  of  precession  (Vicente,  1964). 

The  more  recent  theory  of  nutation  was  developed  by  Wahr  (1981)  and 
adopted  by  the  International  Earth  Rotation  Service  (lERS)  Standards.  The 
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Earth's  model  adopted  is  not  the  best  one  available  at  the  moment  but  the 
differences  will  not  probably  be  significant  if  another  model  were 
adopted.  For  the  question  of  consistency,  it  would  be  convenient  to 
consider  the  Preliminary  Reference  Earth  Model  (PREM)  which  has  been 
widely  adopted  by  the  international  community  (Dziewonski  and  Anderson, 
1981),  The  adoption  of  the  PREM  model  will  not  introduce  very  significant 
differences  in  agreement  with  D6hant  (1990,  Table  4)  and  the  same  happens 
considering  the  mantle  inelasticity  (D6hant,  1990,  Table  3)  when  we 
consider  precision  of  1  mas  (OVOOl) . 

There  are  a  number  of  studies  (Wahr  and  Bergen,  1986;  Dehant  1988) 
dealing  with  different  aspects  of  the  behavior  of  the  core  and  the  mantle; 
they  are  interesting  studies  in  mathematical  physics  but  do  not  offer  much 
improvement  for  the  theory  of  nutation.  On  the  other  hand,  a  number  of 
geophysical  studies  are  based  on  Wahr's  computer  programs  and,  therefore, 
the  results  have  to  be  similar. 

We  must  remember  that  the  equations  of  fluid  dynamics  and  elasticity  are 
partial  differential  equations  and  we  do  not  know  exact  solutions.  For 
this  reason,  all  the  solutions  presented  for  different  Earth  models  are 
approximations  and,  sometimes,  it  is  very  difficult  to  compare  their 
results,  especially  when  we  are  aiming  at  precisions  of  1  mas.  One  very 
important  point  is  the  treatment  of  the  bov,-  lary  conditions  for 
elliptical,  rotating  Earth  models  which  has  not  b-icn  emphasized  in  most 
studies,  especially  in  view  of  the  critical  importance  of  the  ellipticity 
of  the  core. 

There  are  attempts  to  combine  new  nutation  series  derived  from  rigid 
body  dynamics  with  geophysical  data.  One  of  them  (Zhu  ^  ,  1990)  tries 
to  incorporate  the  very  short  series  of  VLBI  observations  and,  therefore, 
is  not  reliable  for  the  reasons  already  stated  (Zhu  ^  al. ,  1990,  Fig  5 
and  6).  The  comparisons  of  nutation  corrections,  considering  different 
geophysical  hypotheses,  as  was  done  by  Zhu  et  al.  (1990,  Table  XIV) 
justifies  the  criticism  already  mentioned  -  the  different  behavior  of  the 
principal  nutation  terms  in  longitude  and  obliquity,  and  the  unreliable 
values  of  the  compared  results  for  precisions  of  1  mas. 


5.  Theoretical  and  observed  values  of  the  luni-solar 
precession 

We  have  shown  that  the  Earth's  structure  doei  not  have  much  influence  on 
this  type  of  precession  and,  therefore,  the  t.  'ory  of  precession  does  not 
need  to  consider  such  complex  models  as  the  theory  of  nutation.  There  is 
general  agreement  about  the  theory,  and  the  expressions  for  precession 
have  been  published  for  several  .systems  of  >  ,'.i  'nomical  constants  (Lieske 
^  al. ,  1976).  Due  to  the  fact  that  this  (.recession  has  a  very  long 
period,  it  is  necessary  to  accumulate  obsee  ’ational  data  covering  an 
interval  of  time  as  long  as  possible.  ’'V.s  is  one  of  the  great 
difficulties  in  its  determination,  and  the  subj  '.ct  has  been  studied  during 
the  last  decades  (Fricke  1967,  1971).  The  rela.  lonship  between  the  luni- 
solar  precession  and  the  general  precession  in  longitude  shows  the 
importance  of  this  precession  and,  therefore,  T^'r  the  determinations  of 
the  equinox  and  equator  for  any  given  epoch  (Fri'ke  1982). 

In  any  case,  the  values  derived  from  the  obsttvations  correspond  to  a 
better  representation  of  the  phenomenon  than  the  theory  where  a  number  of 
approximations  had  to  be  made  in  order  to  be  amenable  to  a  numerical 
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solution  of  the  system  of  equations.  A  recent  estimation  of  the  principal 
precession  and  nutation  terras  has  been  done  by  Chariot  et  (1991)  based 
on  two  decades  of  LLR  and  one  decade  of  VLSI  data.  The  improvement  in  the 
values  obtained  for  the  precession  and  the  longer  period  nutations  is 
noticeable,  especially  in  the  combined  solution  due  to  the  longer  series 
of  LLR  data.  Nevertheless,  we  have  to  remember  the  past  difficulties  of 
determining  precession  from  a  short  series  of  observations  and  so  we  have 
to  be  careful  about  these  results.  We  must  remember  that  the  Deep  Space 
Network  (DSN)  and  the  LLR  network  have  very  few  stations,  and  we  know 
already  the  implications  of  this  fact  for  determining  the  short  period 
nutation  especially. 


6.  Conclusions 

We  have  seen  that  the  theory  of  luni-solar  precession  does  not  depend  so 
much  on  the  existence  of  the  fluid  core  and  its  ellipticity  and, 
therefore,  it  is  easier  to  obtain  agreement  between  theory  and 
observation.  The  reasons  given  before  show  the  need  for  a  suitable  model 
of  the  Earth's  structure  in  order  to  define  an  adequate  theory  of  the 
nutation.  Wahr's  theory  is  adequate  for  the  time  being  and  it  is  not 
convenient,  for  the  purposes  of  a  system  of  astronomical  constants,  to 
change  fundamental  values  very  often. 

In  any  case,  the  theories  of  precession  and  nutation  can  only  give  us 
approximations  to  the  real  behavior  of  the  Earth,  because  the  models 
adopted  do  not  include  all  the  variables  needed  to  describe  such 
phenomena.  For  this  reason,  it  is  necessary  that  the  values  of  the 
principal  terms  in  precession  and  nutatior  be  derived  from  observations. 
The  observational  series  have  to  be  done  in  a  most  careful  and  well 
planned  way,  covering  adequate  intervals  of  time  and  applying  proper 
statistical  analysis.  The  modern  techniques  of  LLR  and  VLBI  do  not  yet 
have  series  of  observations  that  satisfy  all  these  important  requirements, 
including  a  well  distributed  network  of  observing  stations,  especially 
satisfying  the  stringent  requirements  of  geophysical  stability  needed  when 
we  try  to  attain  a  precision  of  1  mas. 


REFERENCES 


Bullen,  K.  E. ;  1963,  Introductions  to  the  Theory  of  Seismology,  C.  U.  P. 
Chariot,  P. ,  Sovers,  0.  J.,  Williams,  J.  G. ,  Newhall,  X.  X.:  1991,  This 
proceeding 

Ddhant,  V.:  1988  in  "Earth  Rotation  and  Reference  Frames  for  Geodesy  and 
Geodvnarnics .  eds.  A.  Babcock  and  G.  A.  Wilkins,  Reidel,  323. 

D6hant,  V.:  1990,  Geophvs .  J.  Int.  100,  477. 

Dziewonski,  A.  M. ,  Anderson,  D.  L. :  1981  Phys.  Earth  Planet.  Int.  25,  “3. 
Fedorov,  E.  P..  1958  Nutation  and  the  Forced  Motion  of  the  Earth's  Pole. 
Acad.  Scl.  Ukraine,  Kiev  (translated  by  B.  Jeffreys,  1961,  Pergamon 
Press) . 

Fricke,  W.  :  1967,  Astron.  J..  72,  1368. 


375 


Frlcke,  W. :  1971,  Astron.  and  Astrophvs.  13,  298. 

Fricke,  W. ;  1982,  Astron.  and  Astrophvs.  107,  113. 

ilarring,  T.  A.,  Gwinn,  C.  R. ,  Shapiro,  I. I,:  1986  J.  Geophvs .  Res  91 
4745. 

Herring,  T.  A.:  1988  Annual  Report  B  I  H  for  1987 .  p.  D-106. 

Hill,  G.  W.:  1893,  Astr.  13,  1. 

Hough,  S.  S.:  1895,  Phil.  Trans.  A,  186,  469. 

Jackson,  J.:  1930,  Month.  Not.  R.  A.  S.  90,  733, 

Jeffreys,  H. :  1949,  Month .  Not.  S-  h-  S.  109,  670. 

Jeffreys,  H. :  1950,  Month.  Not.  R.  4.  S.  110,  460. 

Jeffreys,  H. ,  Vicente,  R.  0.:  1957,  Month.  Not.  E-  A.  S.  117,  142. 
Kinoshita,  H. ;  1977,  C^.  Mech.  15,  277. 

Kinoshita,  H. ,  Souchay,  J.:  1990,  Cel.  Mech.  (to  be  published). 
Lleske,  J.  H. ,  Lederle,  T. ,  Frlcke,  W. ,  Morando,  B.:  1977  Astron. 
Astrophvs .  58,  p.  1. 

McCarthy,  D.  D. ,  Luzum,  B.  J.:  1991  Astron.  J.  (to  be  published). 
Morgan,  H.  R. ;  1943,  Astr.  J.  50,  125. 

Newcomb,  S.:  1892,  Month.  Not.  R.  A.  S. ,  52,  336. 

Newcomb,  S.:  1895,  Astronomical  Constants,  Washington,  Gov.  Printing 
Office . 

PoincarA,  H.:  1910,  Bull .  Astronomioue.  27,  321. 

Seidelmann,  P.  K. :  1982,  Cel .  Mech.,  27,  79. 

Spencer  Jones,  H. :  1939,  Month .  Not.  R.  A.  S. ,  99,  211. 

Vicente,  R.  0.:  1964,  Vistas  in  Astronomy.  5,  p.  1. 

Wahr,  J.  M.:  1981,  Geophvs.  J. ,  64,  705. 

Wahr,  J.  M. ,  Bergen,  Z.:  1936,  Geophvs .  J. ,  87,  633. 

Walter,  H.  G. :  1991,  This  proceeding. 

Woolard,  E.  W. :  1953,  Astr.  Pap.  Amer.  Ephem .  Wash. .  15.  Part  1. 

Zhu,  S.  Y.,  Groten,  E. ,  Reigber,  Ch.:  1990,  Astron.  J. ,  99,  1024. 


376 


ANALYSIS  AND  SYNTHESIS  OF  CATALOGOES 
OF  EYTRAGALACTIC  RADIO  SOORCES 


H.G.  WALTER 

Astronomisches  Reehen-Institut 
MSnohhofstr.  12-14 
D-6900  Heidelberg 
Fed.  Rep. of  Germany 


ABSTRACT.  Recent  observation  catalogues  of  extragalactic  radio  sources 
obtained  by  Very  Long  Baseline  Interferometry  agree  in  the  mean  to  a  few 
milliarcseconds  (mas).  Within  this  range  the  position  differences  show 
constant,  linear  and  periodic  offsets.  To  cast  light  on  these  offsets 
the  differences  between  some  of  the  representative  observation 
catalogues  are  plotted.  Especially,  the  periodic  variations  of 
declination  differences  of  observation  catalogues  having  significantly 
different  epochs  are  tentatively  explained  by  an  uncertainty  of  the 
general  precession  in  declination.  In  terms  of  the  luni-solar  precession 
this  uncertainty  is  estimated  to  be  of  the  order  of  -1  to  -2  mas  per 
year. 


1 .  Introduction 

Observation  catalogues  of  extragalactic  radio  sources  set  up  by  VLBI 
reflect  the  properties  of  the  respective  instrumental  systems  leading  to 
catalogue  differences  of  1  to  2  milliarcseconds  (mas).  The  more  recent 
VLBI  observation  catalogues  are  assessed  in  pairs  by  simply  plotting 
right  ascension  (RA)  and  declination  (Dec)  differences  vs  RA  and  Dec, 
respectively. 

The  difference  patterns  evidence  an  uncertainty  of  the  luni-solar 
precession  and,  for  some  catalogues,  a  treatment  of  nutation  not 
strictly  complying  with  the  lAU  recommendations. 

An  independent  approach  to  catalogue  comparison  aims  at  a 
compilation  catalogue  derived  from  the  individual  observations  by 
weighted  least  squares  adjustment  of  right  ascensions,  declinations, 
systematic  catalogue  differences  and,  optionally,  precession  terms. 
Results  are  presented  below. 

2.  Analysis 

Table  1  lists  the  observation  catalogues  taken  into  consideration.  Each 
catalogue  pair  gives  rise  to  four  plots.  Only  a  few  plots  of  A6  vs  RA 
are  displayed  here  for  discussing  some  marked  features. 
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TABLE  1 .  Selection  of  radio  interferometric  catalogues 


Designation 

Reference 

Number  of 

Mean  standard 

Mean  epoch 

objects  *) 

deviation  (mas) 

(1900+) 

RA 

Dec 

RA 

Dec 

Short  baseline  interferometry: 

Q07 

Wade  and 

30 

32.3 

30.3 

75.4 

75.4 

Johnston, 1977 

Q15 

Kaplan  et  al. 
1982 

,  14 

16.7 

13.9 

79.9 

79.9 

Very  long  baseline  interferometry: 

Q17 

Fanselow  et 
al.,  1984 

98 

3.6 

3.8 

79.2 

79.1 

Q19B 

Ma  et  al. , 
1986 

75 

1.2 

2.8 

81.9 

81.9 

Q22A 

Severs  et 
al.,  1988 

106 

1.3 

1.6 

83.4 

83.3 

Q23 

Ma,  1988 

164 

0.8 

0.9 

85.2 

85.4 

Q27 

Severs,  1989 

150 

1.5 

2.0 

84.7 

84.5 

Q28 

Ma  et  al., 
1990 

182 

0.6 

0.6 

85.4 

85.5 

»)  outliers 

omitted 

2.1  CATALOGUES  Ql?  AND  Q27 

Apart  from  an  offset  of  -2  mas  in  Fig.  1  there  is  evidence  of  a  periodic 
variation  given  by 

A6  =  (S(Q17)  -  6(Q27)  =  A  cos  a 

which  may  be  attributed  to  the  variation  of  Dec  as  a  function  of  the 
general  precession  in  declination  (n).  Bearing  in  mind  the  different 
epochs  t^  and  t2  of  Q17  and  Q27,  the  amplitude  A  seems  to  be  caused  by 
the  uncertainty  An  of  the  general  precession  in  declination. 

Enforcing  agreement  of  the  declinations  by  disposing  of  An  yields 

A  cos  a  +  (t2  -  ti)  An  cosa  =  0. 

Tailing  t2  -  t^  =  5.4  years  and  A  =  4  mas  from  Fig.  1,  one  gets  by  this 
geometrical  interpretation  the  rough  estimate  of 

An  =  -  0.74  mas/yr 

which  is  equivalent  to  the  correction  At];  =  -  1.9  mas/yr  of  the  luni- 
solar  precession  v}). 
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For  comparison,  a  weighted  least  squares  fit  of  precession  in 
declination  to  the  coordinate  differences  Ql?  minus  Q27  resulted  in 
corrections  of  the  luni-solar  precession  of 

A4i^  =  -0.98  +  0.44  mas/yr  and  =  -1.17  +  0.20  mas/yr 
for  RA  and  Dec,  respectively. 


2.2.  CATALOGUES  Q27  AND  Q28 


Only  a  small  epoch  difference 
exists  between  catalogues  Q27 
and  Q23.  In  these  circum¬ 
stances  the  sinusoidal 
variation  in  declination  of 
Fig.  2  could  be  associated 
with  a  modification  of  the 
nutation  in  obliquity  ( Ae)  in 
the  course  of  data  reduction 
for  th?  one  or  the  other  of 
the  two  catalogues.  To  first 
order,  the  declination 
difference  can  be  associated 
with 

A6  =  A(  Ae)  sin  a. 

The  relative  change  of  Ac  in 
the  models  of  nutation  would 


r!g.  1 .  Dec  dillii'encaj  QUA27  minus  OUA2S  varsus  RA 


0  6  12  18  24 

RA  (hours) 


amount  to  3-4  mas  indicating  a  rotation  of  that  order  about  the  x-axis 


of  the  conventional  coordinate  system. 
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3«  Synthesis 

A  compilation  catalogue  has  been  derived  from  catalogues  of  Table  1  by 
simultaneously  solving  for  source  positions  and  systematic  catalogue 
differences  in  a  least  squares  adjustment  process. 

By  having  recourse  to  the  compilation  catalogue  an  uncertainty  of 
the  luni-solar  precession  could  be  determined  by  solving  for  a 
precession  correction  in  a  post-fit  analysis  (Walter,  1990).  Moreover,  a 
global  solution  of  the  compilation  catalogue  with  the  precession  as 
additional  unknown  could  be  accomplished.  Table  2  presents  some  typical 
results  of  these  two  approaches.  For  testing  the  effect  of  lengthening 
the  time  baseline,  two  catalogues  built  from  measurements  of  connected 
interferometry,  Q07  and  Q15,  have  been  included. 


TABLE  2.  Corrections  andA\jj«  to  the  luni-solar  precession 
derived  independently  Prom  RA  and  Dec  measurements 


Observation  Number  of  A'K  Number  of  obs. 

catalogues  objects  (mas/yr)  (mas/yr)  in  RA  and  Dec 


Post-fit  analysis 


017 

40 

-1.69  +  0.46 

-1.60  +  0.28 

40 

017, 

022A 

40 

-1.60  +  0.52 

-1.20  +  0.35 

80 

017, 

022A, 

40 

-1.28  +  0.46 

-0.89  +  0.35 

120 

027 

017, 

Q19B, 

40 

-0.71  +  0.21 

-0.74  +  0.21 

240 

Q22A,  Q23, 
Q27,  Q28 


Simultaneous 

solution 

017,  022A, 
027 

40 

-0.86 

017,  019B, 
022A,  023, 
027,  028 

40 

-0.96 

007,  015, 

017,  019, 
022A,  023, 
027,  028 

8 

-3.13 

0.36 

-0.82  +  0.22 

120 

0.18 

-0.55  +  0.15 

240 

0.27 

-2.42  +  0.15 

64 
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4.  Conclusions 

Observation  catalogues  have  reached  a  level  of  internal  accuracy 
allowing  the  identification  of  uncertainties  in  the  physical  model  of 
precession  provided  that  the  catalogue  epochs  cover  a  baseline  of  at 
least  5  years.  This  uncertainty  has  been  confirmed  by  three  different 
methods;  (1),  direct  comparison  of  observation  catalogues,  (2),  post-fit 
analysis  of  the  luni-solar  precession  by  referring  to  a  compilation 
catalogue,  and,  (3),  global  solution  for  source  position,  systematic 
differences  and  precession. 

The  results  have  in  common  the  negative  sign  for  the  correction  of 
the  luni-solar  precession  while  its  magnitude  ranges  from  -1  to  -3  mas/yr 
depending  on  the  data  selected  for  the  various  case  studies. 

From  comparing  catalogues  of  nearly  equal  epochs  periodic  variations 
of  milliarcsecond  amplitude  are  detected.  They  may  be  ascribed  to 
specific  nutation  models  applied  to  the  reduction  of  the  original 
measurements,  confirming  the  occurence  of  relative  rotations  between 
coordinate  systems  (Ma  et  al.,  1990). 
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ABSTRACT,  The  shift  of  the  celestial  pole  with  respect  to  its  1980 
position  in  longitude  (A(j))  and  obliquity  (AS)  from  the  available  VLBI 
measurement  of  1984.  year  within  IRIS  project  is  estimated.  Formal 
uncertainties  of  the  angles  Alj)  and  AS  are  5.9  mas  and  2.7  mas 
respectively.  The  day  length  variation  was  obtained  from  the  same  data. 
Then  attempt  was  made  to  obtain  annual  and  semiannual  nutation 
amplitudes.  The  values  are  in  reasonable  agreement  with  the 
determinations  of  other  workers. 


The  aim  of  the  work  is  to  test  a  software  developed  in  the  lAA 
(Krasinsky  et  al.,1989)  by  processing  the  VIBI  observations  which  were 
available  for  us  within  IRIS  project  during  1984.  In  IRIS  project  19 
sources  were  observed  by  3-5  stations  every  5-days  (24-hour  session). The 
analysis  of  about  28000  delay  and  delay  rate  pairs  provides  of  different 
parameters. The  reduced  observations  of  every  session  were  processed  and 
64  parameters  were  estimated. 

They  Included  source  coordinates,  site  locations,  time  behavior 
pai’ameters,  tropospheric  correc toons,  day  length  variation.  The 
root -mean-square  residuals  are  0.2  ns  for  delay  and  0.1  ps/s  for  delay 
rate .  The  main  purpose  of  the  present  paper  is  to  analyze  these  results 
and  to  determine  shift  of  the  celestial  pole  with  respect  to  its  1960 
lAU  nutation  in  longitude  and  obliquity  and  the  day  length  variation. 
It‘s  known  that  VLBI  measurements  provide  good  determinations  of  some 
amplitudes  in  the  current  model  the  Barth  nutation  (see,  for  instance, 
William  E. Carter,  1907).  We  had  the  total  of  1798  residuals  of  a  and  6 
of  the  below  source  coordinates  for  the  determination  of  celestial  pole 
shift  in  longitude  and  obllquty  during  1984  year.  The  residuals  for 
every  5 -days  intervals  numbered  64  points.  Formal  uncertainties  range 
from  0.001"  for  regularly  observed  sources  up  to  0.01"  for  sources  which 
were  observed  only  1  -2  times. 


382 


Table  1.  1'h.e  11:3 1<  of  uuuc'ce;  naaitsu  in  19131  iKlI3  project  and  their  errors 
of  our  determination. 


Source  name 

0^  (0.001 ’•) 

Og  (0.001”) 

2131+00 

±2.9 

1637+571 

±1.0 

2.1 

0Q208 

16.2 

1  .8 

3C315 

1  .7 

1  .1 

3015 1.3 

1 .2 

2<1 

VR122201 

1.8 

2.0 

0106+013 

1 .0 

3.2 

0212+735 

5.8 

2.1 

0231+285 

2.2 

2.6 

NRA0150 

1.2 

2.1 

0552+398 

1  .7 

2.1 

0J287 

1.1 

2.2 

1039.25 

1  .6 

1  .7 

30273B 

2.8 

1 803+781 

7.6 

1  .5 

0528+131 

1.9 

3.0 

2216-038 

3.8 

11.9 

0229+131 

30279 

1  .3 

3.2 

Por  obtaining  Alj)  and  AS  we  used  the  standard  formulae 

a-aQ=  Al|)(cos£+slnSsinaQtg5Q)-AScosaQtg6Q 
6-6Q=Al|)sin£cos6|^+A6sin0lQ 

By  weighted  least  square  method  167  parameters  such  as  Alj)  and  AS  for 
every  21-hour  session,  corrections  to  18  coordinates  of  sources  (18  for 
Aa  and  18  for  A6)  were  determinated.  The  estimated  values  display  a 
marked  systematic  variation  and  are  shown  in  Figure  1  and  2  for  Al})  and 
As  respectivly.  The  RMS  value  of  correction  to  Alj)  is  5.9  mas  and  to  A£ 
is  2.T  mas  as  mentioned  before. 

The  attempt  was  made  to  determine  annual  and  semi-annual  values  of 
nutation  amplutudes .  In  Table  2  the  annual  values  are  shown  as  compared 
to  other  workers*  determinations.  It  may  be  notices  that  the  agreement 
is  reasonably  good  (O.J.Sovers  et  C . D . Edvards ) .  Figure  3  shows  the  day 
length  variations  which  is  also  of  good  agreement  with  other 
determinations  (G.O. Dicky,  1988).  The  accuracy  of  determinations  at 
every  points  is  no  worse  then  0.1  msec. 

V?e  plan  to  continue  our  work  in  the  same  direction  using  a  great 
number  of  observations  and  we  hope  to  improve  our  technique. 
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Table  2.  Corrections  to  1980  '  WJ  annual  nutation  amplitude. 


(0.001 

arcsec) 

Term 

IRIS 

CDP 

CDN 

IRIS  (lAA) 

Herring 

1980-87 

1979-87 

1978-86 

19B4,IAA 

Observ . 

Adopt . 

A(j) 

A. 30 

4.26 

5.16 

4.01 

5.22 

5.22 

±0.07 

±0.07 

±1 .08 

±0.72 

±0.25 

As 

2.01 

1 .84 

1 .93 

2.18 

2.08 

2.08 

±0.02 

±0.02 

±0.43 

±0.90 

±0.10 
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Figu.r-e  1.  Nio-tatioxx  in  longitncie 
(in  0.001  ar*csec) 
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NOTE  ON  THE  DETERMINATION  OF  THE  NEARLY  DIURNAL  FREE  NUTATION  (CORE 
NUTATION)  AND  THE  PRINCIPAL  TERM  OF  NUTATION  BASED  ON  THE  ASTROMETRIC 
DATA 


YA.S.  YATSKIV 

The  Main  Astronomical  Observatory 
of  the  Ukrainian  SSR  Academy  of  Sciences 
Kiev,  USSR 

L.D.  KOVBASYUK 

Department  of  the  All-Union  Astronomy  and 
Geodesy  Society 
Vixnij  Novgorod,  USSR 

1.  INTRODUCTION 

Due  to  the  highly  accurate  determination  of  the  corrections  to  the 
nutation  terms  (the  IAU-1980  nutation  theory)  by  VLBI  observations, 
the  proposal  for  adoption  of  the  new  nutation  theory  or  standard  model 
of  nutation  is  being  discussed.  At  this  point  there  are  two  unsolved 
problems: 

(a)  VLBI  observations  can't  provide  reliable  estimates  of  the  principal 
nutation  term.  The  reason  is  that  the  correlation  between  this 
term  and  the  precession  constant  is  high  due  to  the  insufficient 
time  span  of  these  observations  (about  10  years). 

(b)  period  of  free  core  nutation  (FCN)  which  depends  on  the 
ellipticity  of  the  mantle-core  boundary  has  not  been,  so  far, 
reliably  determined  from  direct  observations. 

In  the  present  paper,  we  would  like  to  draw  attention  to  the  results 
of  the  analysis  of  astrometric  latitude  and  time  observations  which 
could  be  useful  for  resolving  these  problems. 

2.  SEARCH  FOR  THE  NEARLY  DIURNAL  FREE  NUTATION 

From  the  papers  by  Yatskiv  et  al.,  1975;  Yatskiv,  1979;  Kovbasyuk, 
1984,  1985,  1988;  and  by  some  other  authors,  it  is  clearly  seen  that 
the  spectra  of  the  nearly  diurnal  variations  of  latitudes  and  longitudes 
of  the  observatories  have  a  complicated  and  time- stable  structure.  The 
frequency  and  amplitude  characteristics  of  the  spectra  don' t  depend  on 
the  observatory  location  and  method  of  observation.  The  values  of  the 
amplitudes  of  main  oscillations  vary  from  0.003  to  0.010  arcseconds. 
(These  values  exceed  by  one  order  of  magnitude  the  amplitude  of  the 
FCN  derived  from  the  VLBI  observations.)  Moreover,  the  phase  characteristics 
seem  to  indicate  the  existence  of  both  the  retrograde  (predicted  by 
the  theory)  and  prograde  (suggested  by  Yatskiv  et  al.,1975)  components 
of  nearly  diurnal  polar  motion. 
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Thus,  for  the  most  general  model  of  the  nearly  diurnal  variations  of 
the  astronomical  coordinates  we  take 


Ya. .COS[±a.(S.-S^.)+^..±a.X.  j , 
t  Ji  J  1  Oi'  j  i'  ’ 


(1) 


where  is  the  amplitude  of  the  j-th  harmonic  derived  from  observations 
of  the  i-th  observatory;  o.  -  Itf/r ^  is  the  frequency  of  the  j-th 
harmonic,  where  r.  is  the  period  of  the  nearly  diurnal  variation 


expressed  in  mean  or  sidereal  days;  the  "+"  sign  corresponds  to  the 
clockwise  retrograde  wobble;  is  the  local  sidereal  or  mean  time 

reckoned  from  the  origin  of  this  time,  is  the  initial  phase 

of  the  harmonic  (west  longitude  of  the  nearly  diurnal  free  wobble, 
reckoned  from  Greenwich  meridian  A  ”0  at  a  moment  is  the  west 

longitude  of  the  i-th  observatory. 
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Depending  on  the  type  of  observations,  one  can  determine  either  separate 
harmonics  of  (1)  or  their  combination.  We  would  note  that  there  are 
three  different  modes  of  observations  involved  in  the  search  for  FCN: 


(a)  the  day-and-night  observations  of  the  bright  zenith  stars  and 
pairs  of  stats  (program  of  station  at  Gorky,  USSR); 

(b)  the  observations  of  selected  bright  zenith  stars  at  constant 
moment  of  sidereal  time  (program  of  observatory  at  Poltava, 
USSR) ; 

(c)  the  observations  of  stars  and  groups  of  stars  at  constant  (or 
nearly  constant)  moments  of  mean  time  (the  ILS  program). 


All  these  methods  have  their  own  limitations.  In  case  (a),  it  is 
impossible  to  determine  separately  the  prograde  and  retrograde  wobble 
components  from  the  observations  of  a  single  station.  In  the  other 
two  cases,  one  can  determine  only  the  transformed  oscillations  with 
frequencies  (o  -a.)  ,  where  a  is  the  sampling  frequency  which  is  equal 


to  1  cycle  per  sidereal  day  or  1  cycle  per  mean  day  for  cases  (b)  and 
(c) ,  respectively.  The  amplitudes  and  phases  of  transformed  oscillations 
are  the  combinations  of  the  amplitudes  and  phases  of  the  nearly  diurnal 
variations  of  astronomical  coordinates  given  in  eq.  (1). 


Comparing  the  results  of  analysis  of  different  observational  data 
allowed  us  to  make  the  above-mentioned  conclusions  on  the  spectra  of 
the  nearly  diurnal  latitude  variations. 


Let  us  consider  some  examples. 
2.1.  EXA.MPLE  1 


Giver  the  spectrum  of  the  nearly  diurnal  variations  of  latitude  at 
the  Gorky  station,  calculate  a  spectrum  convolved  about  the  frequency 
Oq-I  cycle  per  sidereal  day  and  compare  it  with  the  observed  spectrum 
of  latitude  variation  at  Poltava  (Popov  and  Yatskiv,  1979). 


387 


Based  on  the  latitude  observations  at  Gorky  from  1961  to  1976,  the 
spectrum  of  nearly  diurnal  variations  was  derived  in  the  frequency 
domain  jj-2jr(l-0.000058K) ,  where  K  is  equal  to  ±1,  ±2,  ±3,  etc.  The 

initial  phases  of  harmonics  were  inverted  to  the  initial  epoch  of  the 
Poltava  observations,  i.e.,  Sgp-O"  of  sidereal  time  on  March  1,  1950. 

The  symmetric  harmonics  in  eq.  (1)  (for  the  case  of  the  theoretically 
predicted  retrograde  component)  were  summed  up: 

AjC0S[(o^+AOj)(S-S^)+)S^)  +  A"C0S((a^-A(7^)(S-S^)+^’'],  (2) 

where  i^o ^  is  the  frequency  of  the  transformed  oscillation. 

After  that,  the  amplitudes  and  phases  of  the  resulting  oscillations  A. 
and  were  derived.  J 

When  summing  up  the  symmetric  harmonics  in  the  case  of  the  prograde 
nearly  diurnal  wobble,  the  difference  between  the  longitudes  of  the 
Gorky  and  Poltava  stations  has  to  be  taken  into  account. 


In  Table  1,  the  values  of  the  amplitudes  and  phases  of  the  transformed 
harmonics  which  are  in  common  for  the  Gorky  and  Poltava  stations  are 
given.  To  each  value  of  aliasing  period  T ^ ,  corresponds  two  values  of 

the  nearly  diurnal  periods  t j .  The  agreement  of  results,  except  for 
the  harmonic  with  the  period  T-45A  sidereal  days,  is  satisfactory, 
taking  into  account  the  standard  errors  of  amplitude  and  phase  which 
are  +3  marcsec  and  ±30  degrees,  respectively.  As  for  the  harmonic 
T-454  sidereal  days,  the  phase  difference  could  be  explained  partly  by 
the  presence  of  the  prograde  nearly  diurnal  wobble. 

Table  1.  Amplitudes  (in  marcsec)  and  phases  (in  degrees)  of  the 
nearly  diurnal  latitude  variations  of  the  Gorky  and  Poltava 
stations . 


Period  (sidereal  days) 


Poltava 


Gorky 


321 

0.996894 

1.003125 

12 

113 

391 

0.997449 

1.002564 

19 

290 

454 

0.997802 

1.002207 

10 

190 

961 

0.998960 

1.001042 

8 

177 
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2.2.  EXAMPLE  2 

Given  the  spectrum  of  the  nearly  diurnal  latitude  variations  of  the 
Gorky  station,  calculate  a  spectrum  convolved  about  the  frequency  a  -1 

cycle  per  mean  day  and  compare  it  with  the  observed  spectrum  of  variations 
of  the  ILS  stations  (Yatskiv  et  al.,1975). 

For  this  purpose,  we  have  adopted  the  values  of  aliasing  periods  as 
well  as  the  direction  of  polar  motion  given  in  Yatskiv  et  al.,1975. 
The  results  are  summarized  in  Table  2. 

Table  2.  Amplitudes  (in  marcsec)  and  phases  (in  degrees)  of  the 
nearly  diurnal  latitude  variations  of  the  Gorky  and  ILS 
stations . 


Period 

(mean  days) 

j  ILS  j 

Gorky 

T. 

J 

r  . 

j 

_ 1 

A. 

J 

A. 

J 

retrograde  component 


169.1 

0.994121 

1.005948 

r - 

3 

33 

3 

5 

192.1 

0.994822 

1.005232 

4 

95 

5 

69 

209.6 

0.995253 

1.004793 

6 

266 

9 

235 

235.6 

0.995773 

1.004263 

5 

348 

12 

282 

prograde  component 


186.3 

0.994660 

7 

208+2A 

8 

255+2A 

204.4 

0.995169 

7 

204+2A 

7 

216+2A 

246.9 

0.995966 

10 

298f2A 

5 

253+2A 

The  agreement  of  results  is  remarkable.  Similar  results  based  on  the 
data  of  other  observatories  were  given  in  Kovbasyuk,  1980. 
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2.3.  D1,SCUSSI0N 

From  the  results  presented  above,  we  can  conclude  that  the  nearly 
diurnal  variations  of  the  latitudes  really  exist.  They  can  be  explained 
by: 

(a)  variations  of  meteorological  conditions  of  observatory  sites; 

(b)  variations  of  vertical  lines  of  observatories; 

(c)  motion  of  the  pole  (within  the  Earth  body  and  in  space)  which 
is  due  to  the  existence  of  the  Earth's  liquid  core. 

The  first  reason  seems  to  be  unreal  because  we  have  used  the  data  of 
different  observatories  (with  different  conditions  and  methods  of 
observation).  As  for  the  second  reason,  it  has  some  physical  meaning, 
but  it  has  to  be  excluded,  otherwise  the  corresponding  changes  of 
gravity  would  be  observed.  Finally,  the  third  reason  at  the  present 
time  can't  be  confirmed  because  of  the  lack  of  theoretical  modelling 
of  the  wave  motions  in  the  Earth's  core  (Dehant,  1988;  Melchior  et 
al.,1988).  If  we  suppose  that  the  oscillations  with  periods  >f  0.99A822 
and  0.995253  mean  days  (see  Table  2)  result  from  amplitude  variations 
(damping)  of  theoretically  predicted  FCN,  we  find  the  average  value  of 
the  period  of  this  nutation  is  A46  sidereal  days  and  the  damping  factor 
Q-2500  (the  value  of  the  average  period,  0.995038  mean  days,  corresponds 
to  a  period  of  23h  56m  A6.5s  of  sidereal  time).  These  estimates  of 
period  and  Q- factor  are  in  agreement  with  estimates  based  on  recent 
observations . 

Now  the  question  arises,  why  do  FCN  based  on  the  VLSI  observations 
show  amplitudes  one  order  of  magnitude  smaller  than  the  amplitudes 
derived  from  astronomical  observations?  To  answer  this  question,  it  is 
necessary  to  consider  the  problem  of  the  VLBI  observables  and  search 
for  FCN.  First  of  all,  the  prograde  nearly  diurnal  wobble  will  result 
in  the  time  delay  observable  as  the  semidiurnal  variation.  Such 
variation  was  never  searched  for  before.  In  the  case  of  retrograde, 
nearly  diurnal  wobble  (and  corresponding  long-period  FCN),  the  effect 
of  correlation  of  this  wobble  with  other  solved- for  parameters  has  to 
be  investigated  for  different  observational  programs. 

3.  DETERMINATION  OF  CORRECTIONS  TO  THE  COEFFICIENTS  OF  THE  PRINCIPAL 
TERM  OF  NUTATION 

In  Table  3,  the  most  accurate  (from  our  point  of  view)  astrometric 
determinations  of  corrections  to  the  amplitudes  of  the  prograde  and 
retrograde  circular  nutations  with  a  period  of  18.6  years  are  given. 

Taking  the  average  values  of  these  amplitudes,  we  find  the  values  of 
the  coefficients  of  the  principal  term  of  nutation  to  be: 


in  longitude  -AV>SIN^  -  6.844410.0006  arcsec, 
in  obliquity  -  9.205210.0006  arcsec. 

These  values  agree,  within  the  errors,  with  the  modern  determinations 
of  correction  to  nutation  by  VI£I  obser\’ations  and  Lunar  Laser  Ranging 
(LLR)  (Chariot  et  al.,1990). 
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So,  the  necessity  of  adopting  corrections  to  coefficients  of  the 
principal  term  of  nutation  is  evident. 

Table  3.  Amplitudes  (in  0.0001  arcsec)  of  the  retrograde  and  pro¬ 
grade  circular  nutations  with  a  period  of  18.6  years 
at  J  2000.0 


Author  and  reference 

Mean  epoch  of 
observations 

Retrograde 

Prograde 

Yatskiv  (1980,  1989) 
The  mean  values  from 
the  astrometric  de¬ 
terminations  carried 
out  before  1980 

1950 

80250±10 

11790110 

Capitaine  et  al., 
(1988)  Z-Cerm  based 
on  the  BIH  data 
from  1962  to  1982 

1972 

80245109 

11813109 

Glebova  et  al,(1990) 
Observations  of  the 
latitude  at  Pulkovo 
from  1948  to  1989 

1968 

80236129 

11792129 

Lapaeva  (1988) 
Observations  of  the 
latitude  at  the  En- 
gelhardt  observatory 
f>om  1957  CO  1976 

1967 

80238122 

11766122 

Mean  values 

1965 

80248106 

11804106 

IAU-1980  theoretical 
values 

80220 

11804 
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ASTROMETRIC  AND  GEODETIC  GOALS  FOR 
THE  CHINESE  VLBI  NETWORK  PROJECT 


YE  SHUHUA  AND  QIAN  ZHIHAN 

Shanghai  Observatory,  Chinese  Academy  of  Sciences 

80  Nandan  Road 

Shanghai  200030,  People’s  Republic  of  China 


ABSTRACT.  This  paper  briefly  introduces  the  current  status  of  the  Chinese  VLBI 
Netv/ork  (CVN)  Project  and  its  astrometric  and  geodetic  goals, 

1.  Current  Status  of  CVN  Project 

At  present,  the  CVN  project  consists  of  three  dedicated  VLBI  stations,  two 
part-time  VLBI  stations,  and  a  data  analysis  center.  More  information  about  the 
progress  of  the  CVN  project  is  as  follows: 


1.1  VLBI  Stations 

(1)  Sites 

Code 

Station 

Antenna 

(m) 

Lat.  N 
(^') 

Long.  E 

r/) 

SH 

Sheshan  Radio  Astronomy  Station 

25 

31  06 

121  12 

UR 

Ururaqi  Radio  Astronomy  Station 

25 

43  30 

87  13 

KM 

’’'unming  Radio  Astronomy  Station 

32 

25  01 

102  47 

MY 

Miyun  M-wave  Synthesis 

Radio  Astronomy  Station 

47 

(equiv.) 

40  40 

117  58 

QH 

Qinghai  Mm-wave  Radio 

13.7 

37  21 

97  36 

Astronomy  Station 
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(2)  Equipment 

Items 

Station 

.Dedicated _ 

J?art-Time . 

SH 

UR 

KM 

MY 

QH 

Antenna 

t 

+ 

- 

t 

t 

Receivers 

330-MHz 

t 

4. 

+ 

610-MHz 

+ 

+ 

— 

1.4-GHz 

t 

+ 

- 

1.6-GHz 

t 

+ 

— 

2.3-GHz 

t 

+ 

- 

4.9-GH2 

t 

+ 

- 

8.4-GHz 

t 

+ 

10.7-GHz 

t 

+ 

— 

12.2-GHz 

t 

+ 

— 

22.2-GHz 

- 

- 

- 

t 

Data  Acquisition  Terminals 

Mk  II 

t 

t 

t 

+ 

Mk  III 
or  VLBA 

t 

Frequency  Standards 

H  maser 

t 

+ 

+ 

Rb 

t 

t 

4. 

! 

- 

Timing  Receivers 

Loran-C 

t 

t 

t 

GPS 

t 

+ 

- 

- 

Operation  Start 

87 

92 

94 

92 

92 

Codes:  f  Available;  +  Fabrication  started  or  ordered;  -  Planned. 


1.2  VLBI  Data  Analysis  Center 

The  data  analysis  center  of  CVN  is  located  at  Shanghai  and  operated  by 
Shanghai  Observatory,  Chinese  Academy  of  Sciences.  The  main  facilities  in  the 
VLBI  data  analysis  center  are  as  follows: 
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Facilities 

Available 

Remark 

VLSI  Correlator:  S-2 

1988 

Compatible  with  Mk  II 

S-3 

1993/94 

Compatible  with  Mk  III  and  VLBA 

Computer:  HP- 1000  F  series 

1985 

For  the  data  analysis  of 
astrometric  and  geodetic  VLSI 

Mk  III  experiments. 

Micro  VAX  II 

1988 

For  the  postprocessing  of  the  data 
from  S-2  correlator  and  the  data 

analysis  of  continuum  and  line 

VLBl  experiments. 

VAX  3800 

1991 

VLBI  data  analysis 

Sun  4/11 

1991 

VLBI  data  analysis 

2.  Astrometric  and  Geodetic  Goals  for  the  CVN  Project 

*>  To  measure  the  positions  of  the  extragalactic  compact  radio  sources  (one 
source/5®  x  5°;  declination:  —30°  to  +90°)  for  the  establishment  of  the  radio 
reference  system; 

•  To  monitor  the  structure  variations  and  the  proper  motions  of  the  radio 
sources  for  the  maintenance  of  the  radio  reference  system; 

•  To  measure  the  positions  and  proper  motions  of  radio  stars  and  cosmic  masers 
associated  with  late-type  stellars  for  the  linkage  between  the  radio  and  optical 
reference  systems; 

•  To  measure  the  positions  and  proper  motions  of  the  pulsars  combining  the 
pulsar-timing  data  for  the  determination  of  the  equinox; 

•  To  measure  the  Earth  rotation  parameters; 

•  To  measure  the  positions  of  the  CVN  stations  with  mm  accuracy  combining 
the  Chinese  SLR  and  GPS  networks  for  the  establishment  of  the  Chinese 
Crustal  Deformation  Monitoring  Network  (CCDMN)  and  the  global  terrestrial 
reference  system; 

•  To  measure  the  crustal  motions  between  the  eastern,  north-western,  and 
south-western  regions  of  China; 

•  To  measure  the  relative  motions  between  the  Chinese  continent  and  the  sur¬ 
rounding  plates,  e.g..  Pacific,  North  American,  Australian,  Indian,  and  Philip¬ 
pine  plates  and  to  monitor  the  stability  of  the  Eurasian  plate; 

•  To  control  the  orientation  and  scale  of  the  Chinese  National  Geodetic  Control 
Network. 
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PROGRESS  IN  FIRST  TOKYO  PMC  PROGRAM,  1985-1991 

M.  Yoshizawa,  S.  Suzuki,  and  M.  Miyamoto 
National  Astronomical  Observatory 
Mitaka,  Tokyo  181 
Japan 


ABSTRACT.  Presented  is  a  brief  introduction  to  advances  in  the  first  Tokyo  PMC  program 
which  began  in  1985  and  is  to  end  in  1991. 


1.  Star  List  of  First  Tokyo  PMC  Program 

The  Tokyo  Photoelectric  Meridian  Circle  (Tokyo  PMC)  has  been  observing  its  first  program 
since  1985.  The  First  Tokyo  PMC  Program  comprises  about  33,000  program  stars,  as  well 
as  the  observations  of  the  solar  system  objects,  i.e.,  the  Sun,  six  major  and  nine  minor 
planets,  to  locate  the  dynamical  reference  frame.  The  program  stars  are  composed  of  several 
subprograms  of  different  priorities;  the  FK5  stars  (PK5  basics  and  FK5  bright  extension), 
NPZT  stars,  OB  stars,  zodiacal  stars,  NIRS  (AGK3RN),  and  several  minor  subprogram 
stars  (H2O  masers,  faint  stars  around  extragalactic  radio  sources,  and  so  on).  The  nine 
minor  planets  are:  Ceres,  Pallas,  Juno,  Vesta,  Hebe,  Iris,  Flora,  Metis,  and  Eunomia. 

Tables  1  and  2  show  the  details  of  the  star  list  together  with  some  informations  on 
advances  of  our  first  program:  Table  1  is  for  normal  stars  and  table  2  for  the  solar  system 
objects.  Shown  in  figure  1  are  the  distributions  in  equatorial  coordinates  of  all  program 
stars  in  First  Tokyo  PMC  Program. 


Table  1.  First  Tokyo  PMC  Program  from  Dec.  1985  to  Mar.  1992t 


FK5  basic 
stars 

FK5  bright 
extension 

NPZT 

stars 

OB 

stars 

Zodiacal 

stars 

Northern 

IRS 

minor 

programsj 

Source  Cat. 

FK5 

FK4 

Suppl. 

Tokyo 

PZT 

Rubin, 

yale,AGK3 

SAO 

AGK3RN 

AGK3, 
Mira  var. 

Obs.  period 

’86-’91 

’86- ’91 

’87- ’91 

’87-’91 

’87- ’91 

’87- ’91 

’87- ’91 

Star  number 

1234 

1523 

1717 

3204 

3284 

20195 

1800 

Stars  observed 

more  than  n 

1218 

1365 

831 

2620 

1806 

10807 

1234 

times§;  n 

16 

6 

2 

2 

4 

2 

2 

fThe  expected  total  number  of  the  effective  observations  is  200,000  up  to  March  15.  1992. 
IH2O  masers,  faint  stars  around  QSOs,  and  others. 

§Up  to  Sep.  1,  1990. 
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Table  2.  Observations  of  the  solar  system  objects^ 


Sun  and  major  planets 


Sun 

Venus 

Mars 

Jupiter 

Saturn 

Uranus  Neptune 

334 

91 

51 

140 

87 

52  62 

Minor  planets 

Cerres 

Pallas 

Juno 

Vesta 

Hebe 

Iris  Flora  Metis 

Eunomia 

73 

61 

59 

58 

53 

64  61  46 

57 

^From  Jan.  1987  to  Dec.  1989. 


2.  Annual  Catalog  Series  of  First  Tokyo  PMC  Program 

The  first  annual  catalog  (  Tokyo  PMC  85  )  was  published  in  1987  (Yoshizawa  et  al.  1987); 
it  contains  the  positions  of  1007  stars  observed  in  1985  and  referred  to  the  FK4  system. 
The  second  annual  catalog  (  Tokyo  PMC  86 )  was  published  in  1989  (Yoshizawa  and  Suzuki 
1989).  The  Tokyo  PMC  86  catalog  is  composed  of  the  positions  of  3974  stars  based  on  the 
FK5  system.  A  possible  local  systematic  error  of  the  order  of  0.1  arcsec  of  the  FK5  catalog 
is  evident  in  Tokyo  PMC  86,  suggesting  an  erroneous  proper  motion  of  the  FK5  system  in 
some  parts  of  the  sky.  It  is  expected  that  the  modern  photoelectric  meridian  circles  can 
reveal  local  systematic  errors  of  fundamental  catalogs  (e.g.  FK5),  if  they  are  greater  than  a 
few  hundredth  of  arcsec.  even  from  the  observations  of  just  one  year  duration.  Reproduced 
in  figure  2  are  the  systematic  differences  Aq;^cos6  (upper  panel)  and  (lower  panel) 
observed  for  the  FK5  basic  stars  in  1986  with  three  modern  photoelectric  meridian  circles 
(the  same  as  figure  2  of  the  Tokyo  PMC  86  catalog). 


Fig.  1.  The  distributions  of  the  First  Tokyo  PMC  Program  stars  on  the  celestial  sphere  given  in  equatorial 
coordinates. 
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Fig  2  The  systematic  diflcfcnces  cos 6  (upper  panel)  and  (lower 
panel)  for  the  FKS  basic  stars  observed  m  1086 

The  adjustments  of  the  observed  star  positions  in  an  annual  catalog  are  made  globally 
based  on  the  FK5  system,  providing  that  unknown  orientation  parameters  of  the  telescope 
vary  regularly  with  time  over  the  period  during  which  the  each  catalog  wjis  observed.  Wc 
approximate  the  variation  of  the  orientation  parameters  over  one  year  by  cubic  spline  func¬ 
tions  with  (s)  nodes  at  t  =  . . .  ,f.,.  Then  the  observation  equations  relating  the  (0-C) 

of  a  star  to  true  catalog  error  are  given  by  the  followings: 

Aacos6  =  ~  ^{ATjjCosi  +  fciw^kpsin  Z}g,,(t)  -  /ci,/m(Aci  sin  2.^  +  Ac2Cos22)-t- 

,«i 

-f£a  COS  6  ,  and 

A6  =  Jcxiim  'y  "b  A/?y, tan  sin  Z  -i- 

,.=i 

(See  Yoshizawa  and  Suzuki  1989  for  details.) 

ATj„  A/:j„  A</Jj„  and  A/?j,  in  the  above  equations  denote,  respectively,  the  values  of  A7’  (clock 
correction),  Afc„j  (azimuth  of  the  artificial  azimuth  marks).  Ay?  (correction  to  an  assumed 
value  of  latitude),  and  Ar7  (correction  to  refraction  constant)  at  t  =  tp{p  =  1,2,...,5). 
By  using  least  squares  methods  we  adjust  all  the  observations  made  for  FK5  basic  stars 
in  one  year  to  get  the  most  plausible  values  of  AT,,,  Afc,„,  A</2jm  and  —  1,2,  '  •  • ,«) 

together  with  three  constants  A/// (flexure  correction),  and  Ac]  and  Ac2(coefRcients  of  the 
2nd  harmonics  of  collimation  errors)  of  the  year.  The  present  annual  catalog  series  aie  (.and 
going  to  be)  constructed  with  s  =  10.  Thus  the  total  number  of  the  fitted  parameters  in 
one  annual  catalog  is  22  in  R.A.  system,  and  21  in  Deck  system. 

3.  Compilation  of  First  Tokyo  PMC  Absolute  Catalog 

The  annual  catalogs  for  the  observations  made  in  1987  and  1988  will  soon  appear  in  publi¬ 
cations.  They  will  contain  the  positions  of  about  5,000  stars  based  on  FKS.  In  figure  3 


ASs  (arcsec) 
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Fig.  3  Plotted  aie  the  observed  (0-C)$  of  1194  FKS  basic  stars  obtained  through  the  global 
ad;ustment  of  all  observations  made  in  1986  and  1987. 

plotted  are  the  observed  (O-C')s  of  1194  FKS  basic  stars  found  from  the  observations  made 
in  1986  and  1987,  adjusting  all  the  observations  globally  (cf.  section  2.2). 

The  final  goal  of  First  Tokyo  PMC  Program  is  to  provide  absolute  positions  of  the  pro¬ 
gram  stars  that  are  consistent  with  the  dynamical  theory  of  the  planetary  system.  The 
observations  of  the  first  program  arc  to  be  finished  by  March,  1992.  The  compilation  of  the 
absolute  Tokyo  PMC  catalog  will  begin  in  1992. 

4.  A  New  CCD  Micrometer  of  Tokyo  PMC  under  Development 

The  development  of  a  new  CCD  micrometer  for  Tokyo  PMC  is  started.  The  so-called  drift 
scanning  method  is  the  basic  electrical  architecture  for  detecting  and  accumulating  the  in¬ 
coming  photons  from  celestial  objects.  This  architecture,  if  realized  with  a  CCD  chip  of, 
say,  400x1000  pixels  and  Q.E.  higher  than  30%,  enables  us  to  achieve  direct  astrometric 
observations  of  faint  objects  up  to  15th  mag,  e.g.,  some  bright  QSOs  (or  extragalactic  com¬ 
pact  objects),  faint  galactic  stars,  and  faint  minor  planets.  These  faint  objects  are  essential 
for  connecting  the  optical  and  radio  reference  frames,  and  for  the  studies  of  the  dynamical 
reference  frame. 

Now  we  have  an  experiment  model  of  the  drift  scanning  CCD  micrometer,  and  have 
been  testing  it.  The  experiment  model  consists  of  a  single-field  CCD  image  sensor  TH7883 
(Thomson-CSF)  cooled  by  liquid  nitrogen  down  to  around  200K,  a  clock-drive  board,  16  bit 
ADC  (Analog-to-Digita!  Converter),  and  an  engineering  work  station  to  control  the  system 
The  performance  of  the  experiment  model  of  the  CCD  micrometer  is  going  to  be  tested 
in  this  winter  through  the  observcitions  of  real  stars  by  using  Gotier  meridian  circle  at  Mi- 
taka,  Tokyo.  Second  Tokyo  PMC  program  (1993-)  will  be  observed  with  a  CCD  micrometer. 
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IMPROVEMENT  OF  THE  OPTICAL  REFERENCE  SYSTEM  BY 
PHOTOGRAPHIC  ASTROMETRY: 

FIRST  RESULTS  OF  SIMULATIONS  WITH  GLOBAL  BLOCK 
ADJUSTMENT  METHODS 


N.  ZACHARIAS 

Hamburger  Sternwarte,  Gojenbergsweg  112 
2050  Hamburg  80,  FRG 


ABSTRACT.  Block  adjustment  (BA)  simulations  of  an  entire  hemisphere  show  major 
improvements  in  individual  as  well  as  systematic  accuracy  of  star  positions  obtained 
by  photographic  astrometry,  independent  of  systematic  errors  of  the  reference  star 
catalog  used.  Results  for  the  accuracy  estimates  obtained  from  a  patch-like  plate 
pattern  in  the  sky  are  not  valid  for  closed  plate  pattern.  The  importance  of  BA 
methods  for  the  realisation  of  a  reference  system  is  stressed. 

1  Introduction 

A  review  of  the  principles  and  appl*  ations  of  the  simultaneous  adjustment  of  overlap¬ 
ping  plates,  known  as  block  adjustment  (BA),  has  been  published  recently  (Eichhorn 
1988).  The  algorithm  adopted  here  is  based  on  that  of  Googe  et.al.  (1970);  further 
details  can  be  found  elsewhere  (Zacharias  1987). 

This  paper  deals  only  with  simulations,  but  the  data  structure  of  the  CPC2  project 
(Nicholson  et.al.  1984,  Zacharias  et.al.  1991)  is  v/idely  used.  Contrary  to  most 
other  investigations  of  the  accuracy  obtainable  with  a  BA,  we  investigate  here  a 
global  pattern,  i.  e.  a  closed  zone  and  an  entire  hemisphere,  following  Ebner  (1970). 
Furthermore,  typical  systematic  errors  of  the  current  FK5  based  system  (Morrison 
et.al.  1990),  depending  on  the  coordinates  in  the  sky,  are  introduced  to  show  their 
influence  on  the  positions  obtained  from  a  BA  solution. 

2  Cape  Zone  Simulation 

For  a  first  investigation,  the  data  structure  of  the  Cape  Zone  of  the  CPC2  was  used, 
with  details  listed  in  Table  1.  The  posi‘’ons  of  that  catalog  are  defined  as  error  free 
(true)  and  then  projected  onto  the  corresponding  plates.  Random  errors  with  normal 
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distribution  N(cr,0)  are  added  to  the  s,y-coordinates  as  well  as  to  the  reference  star 
positions  according  to  Table  1. 

Furthermore,  a  constant  offset  is  added  to  the  declinations  of  all  reference  stars 
vrithin  —50®  <  6  <  —48®,  thus 

^ref.cat  •—  ^trtie  +  N{(rrtf,0)  +  lOOmas 

to  simulate  a  systematic  error  in  the  reference  star  catalog. 

Results  of  a  BA  with  appropriate  weights  but  no  additional  constraints  on  the  8 
parameter  plate  model  (full  linear  +  plate  tilt  terms)  are  summarized  in  Table  2.  Fig. 
1  shows  the  mean  of  the  declination  differences  (BA-true),  taken  over  all  stars  along 
right  ascension.  The  amplitude  of  the  systematic  error  is  reduced  by  about  a  factor 
of  3.  Similar  calculations  with  the  Cape  Zone,  adding  long  periodic  systematic  waves 
along  right  ascension,  show  that  these  could  not  be  removed  by  BA  methods.  Details 
can  be  found  elsewhere  (Zacharias  1987). 

3  Global  I 

This  first  test  covering  an  entire  hemisphere  with  a  4-fold  overlap  pattern  uses  a  large 
plate  size  to  minimize  CPU  time.  In  addition  to  the  plate  model  already  mentioned, 
an  orthogonal  plate  model  was  used  as  well.  Details  are  given  in  Table  1  and  2.  The 
following  systematic  error  in  declination  was  added  to  the  reference  star  positions  for 
those  stars  within  the  RA  range  of  6^  <  a  <  12^: 

err  =  ISOmaS  COS  (4  5) 

The  resulting  declination  differences  (ref.cat.-true)  and  (BA-true)  for  the  8  and  4 
parameter  plate  model  are  displyed  in  Fig.  2,3  and  4  respectively.  Note  the  amplitude 
of  the  systematic  error  is  reduced  by  a  factor  of  about  3  and  6  respectively  in  the  two 
BA  solutions  ! 

4  Global  II 

The  full  CPC2  data  structure  with  5695  plates  is  used  in  the  Global  II  simulation. 
Similar  to  Global  I,  a  systematic  error  was  added  to  the  reference  star  positions,  now 
for  those  stars  within  the  RA  range  of  6^  <  a  <  9^: 

err  —  150maS  COS  (8  8) 

For  all  reference  stars  within  this  RA  range,  the  resulting  differences  (BA-true)  and 
(ref  cat. -true)  are  combined  in  Fig. 5.  The  corresponding  differences  (BA-true)  for  all 
stars  of  this  RA  range  are  shown  in  Fig.  6.  The  amplitude  of  the  systematic  error 
is  reduced  by  at  least  a  factor  of  10  in  the  BA  solution,  despite  the  small  plate  size 
and  large  number  of  plates  used  here.  Note  also  the  very  low  value  for  cr{BA  —  true) 
which  is  even  below  ctj-j,/ y/n  due  to  the  powerful  constraint  set  by  the  global  closed 
pattern  of  plates  (Ebner  1970). 
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6  Conclusions 

A  BA  of  a  global  closed  4-fold  overlap  pattern  of  plates  gives  a  further  major  improve¬ 
ment  in  random  and  systematic  accuracy  of  stax  positions  as  compared  to  BA  results 
obtained  from  smaller  unclosed  patches  of  overlapping  plates.  Catalog  accuracies 
below  (Tsyjy/n  are  possible  even  with  a  large  number  of  plates  (many  thousands). 

We  like  to  stress  the  potential  of  current  photographic  astrometry  for  the  homoge¬ 
nisation  of  the  present  reference  system  on  scales  of  about  20®,  independent  of  transit 
circle  observations.  A  complete  and  homogeneous  catalog  for  all  stars  down  to  about 
iS*"  could  be  established  by  these  means.  More  details  can  be  found  elsewhere  (de 
Vegt  1988). 

Furthermore  the  BA  results  seem  to  be  largely  independent  of  the  plate  size.  Thus 
a  future  dedicated  astrometric  telescope  (de  Vegt  1989)  with  only  a  2®  field  but  which 
will  reach  magnitude  IS*",  could  provide  a  direct  link  to  the  extragalactic  reference 
frame,  independent  of  present  reference  star  catalogs  (Clube  1968)  which  will  be  used 
only  for  the  conventional  single  plate  adjustment  to  provide  starting  values  for  the 
final  BA. 

Of  course  all  results  presented  here  aue  valid  only  when  there  are  no  systematic 
errors  in  the  photographic  data.  Using  modern  techniques  and  a  calibration  with 
quasi  error-free  positions  from  a  future  HIPPARCOS  catalog,  it  will  be  possible  to 
meet  these  requirements  to  at  leaist  one  micron  level  of  precision. 
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19  April  1991 


Dr.  Derek  McNally 
lAU  General  Secretary 
International  Astronomical  Union 
98  bis,  boulevard  Arago 
75014  Paris 
France 

Dear  Dr.  McNally, 

As  instructed  by  the  Commission  Resolution  which  founded  the  Working  Group  on  Reference 
Systems  (WGRS)  at  the  XX  General  Assembly  (GA)  in  Baltimore  in  1988, 1  herewith  forward  to 
you  the  Recommendations  of  the  WGRS.  The  recommendations,  as  presented,  were  drafted 
during  lAU  Colloquium  No.  127,  Reference  Systems,  which  took  place  in  October  1990  at  Virginia 
Beach,  USA. 

After  final  editing  by  the  Chairman  of  the  WGRS,  these  recommendations  were  submitted  to  a 
vote  by  the  members  of  the  WGRS.  A  majority  of  the  members  voted  in  favor  of  submitting  the 
recommendations  to  the  lAU.  Although  in  their  present  form  the  recommendations  do  rep:  esent 
a  consensus,  it  should  not  be  assumed  that  they  are  universally  accented.  Legitimate  and 
thoughtful  objections  have  been  put  forward  by  members  of  the  WGRS  id  others,  regarding 
some  of  the  recommendations.  It  is  for  this  reason  that  the  Joint  Discussion  (JD)  on  Reference 
Systems,  to  be  held  at  the  XXI  GA  in  Buenos  Aires  in  July  1991,  is  so  important.  From  this  JD 
will  come  the  Resolutions  to  be  presented  to  the  GA  for  its  consideration.  The  enclosed 
recommendations  will  serve  as  the  starting  point  for  the  discussion.  It  is  my  personal  hope  that 
the  resolutions,  based  in  large  part  on  the  recommendations,  will  be  sufficiently  discerning  and 
insightful  so  that  their  provisions  may  be  incorporated  into  the  work  of  those  astronomers  whose 
interests  are  addressed  by  the  resolutions.  This  is,  after  all,  the  raison  d’etre  of  the  WGRS. 


Sincerely, 


Enel:  WGRS  Recommendations 


James  A.  Hughes 
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RECOMMENDATIONS  OF  THE 
WORKING  GROUP  ON  REFERENCE  SYSTEMS 
Drafted  at  lAU  Colloquiiim  127,  Virginia  Beach,  October  1990 


RECOMMENDATION  I 


The  Working  Group  on  Reference  Systems, 
considering, 

that  it  is  appropriate  to  define  several  systems  of  space- time  coordinates  within 
the  framework  of  the  General  Theory  of  Relativity, 

recommends , 

that  the  four  space-time  coordinates  (x®  -  ct,  x* ,  x* ,  x^)  be  selected  in  such 
a  way  that  in  each  coordinate  system  centered  at  the  barycenter  of  any  ensemble 
of  masses,  the  squared  interval  ds^  be  expressed  with  the  minimum  degree  of 
approximation  in  the  form; 

ds2  -  -  c2dr2  -  -  (1  -  (dx®)2  +  (1  +  ^)  [(dx>)2  +  (dx2)2  +  (dx3)2)  , 

where  c  is  the  velocity  of  light,  r  is  proper  time,  and  U  is  the  sum  of  the 
gravitational  potentials  of  the  above  mentioned  ensemble  of  masses,  and  of  a 
tidal  potential  generated  by  bodies  external  to  the  ensemble,  Che  latter  potential 
vanishing  at  Che  barycenter. 

Notes  for  Recommendation  I 


1.  This  recommendation  explicitly  introduces  The  General  Theory  of  Relativity  as 
Che  theoretical  background  for  the  definition  of  the  celestial  space -time  reference 
frame . 

2.  This  recommendation  recognizes  that  space- time  cannot  be  described  by  a  single 
coordinate  system  because  a  good  choice  of  coordinate  system  may  significantly 
facilitate  the  treatment  of  the  problem  at  hand,  and  elucidate  the  meaning  of 
the  relevant  physical  events.  Far  from  the  space  origin,  the  potential  of  the 
ensemble  of  masses  to  which  the  coordinate  system  pertains  becomes  negligible, 
while  the  potential  of  external  bodies  manifests  itself  only  by  tidal  terms  which 
vanish  at  the  space  origin. 

3.  The  ds2  as  proposed  gives  only  those  terms  required  at  the  present  level  of 
observational  accuracy.  Higher  order  terms  may  be  added  as  deemed  necessary  by 
users.  If  the  lAU  should  find  it  generally  necessary,  more  terms  v/ill  be  added. 
Such  terms  may  be  added  without  changing  the  rest  of  the  recommendation. 

4.  The  algebraic  sign  of  the  potential  in  the  formula  giving  ds2  is  to  be  taken 
as  positive. 

5.  At  the  level  of  approximation  given  in  this  recommendation,  the  tidal  potential 
consists  of  all  terms  at  least  quadratic  in  the  local  space  coordinates  in  the 
expansion  of  the  Newtonian  potential  generated  by  external  bodies. 
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RECOMMENDATION  II 


The  Working  Group  on  Reference  Systems, 
considering, 

a)  the  need  to  define  a  barycentric  coordinate  system  with  spatial  origin  at  the 
center  of  mass  of  the  solar  system  and  a  geocentric  coordinate  system  with  spatial 
origin  at  the  center  of  mass  of  the  Earth,  and  the  desirability  of  defining 
analogous  coordinate  systems  for  ocher  planets  and  for  the  Moon, 

b)  chat  the  coordinate  systems  should  be  related  to  the  best  realization  of 
reference  systems  in  space  and  time,  and, 

c)  that  the  same  physical  units  should  be  used  in  all  coordinate  systems, 
recommends  that, 

1.  the  space  coordinate  grids  with  origins  at  the  solar  system  barycenter  and  at 
the  center  of  mass  of  the  Earth  show  no  global  rotation  with  respect  to  a  set  of 
distant  extragalactic  objects, 

2.  the  time  coordinates  be  derived  from  a  time  scale  realized  by  atomic  clocks 
operating  on  the  Earth, 

3.  the  basic  physical  units  of  space-time  in  all  coordinate  systems  be  the  second 
of  the  International  System  of  Units  (SI)  for  proper  time,  and  the  SI  meter  for 
proper  length,  connected  to  the  SI  second  by  the  value  of  the  velocity  of  light 
c  -  299792A58  ms*J . 


Notes  for  Recommendation  II 

1.  This  recommendation  gives  the  actual  physical  structures  and  quantities  chat 
will  be  used  to  establish  Che  reference  frame  and  time  scales  based  upon  the 
ideal  definition  of  the  system  given  by  Recommendation  I. 

2.  The  kinematic  constraint  for  the  rate  of  rotation  of  both  the  geocentric  and 
barycentric  reference  systems  cannot  be  perfectly  realized.  It  is  assumed  that 
the  average  rotation  of  a  large  number  cf  extragalactic  objects  can  be  considered 
to  represent  the  rotation  of  the  universe  which  is  assumed  to  be  zero. 

3.  If  the  barycentric  reference  system  as  defined  by  this  recommendation  is  used 
for  studies  of  dynamics  within  Che  solar  system,  the  kinematic  effects  of  the 
galactic  geodesic  precession  may  have  to  be  taken  into  account. 

4.  In  addition,  the  kinematic  constraint  for  the  state  of  rotation  of  the  geocentric 
reference  system  as  defined  by  this  recommendation  implies  that  when  the  system 
is  used  for  dynamics  (e.g.,  motions  of  the  Moon  and  earth  satellites),  the  time 
dependent  geodesic  precession  of  the  geocentric  frame  relative  to  the  barycentric 
frame  must  be  taken  into  account  by  introducing  corresponding  inertial  terms  into 
the  equations  cf  motion. 

5.  Astronomical  constants  and  quantities  are  expressed  in  SI  units  without 
conversion  factors  depending  upon  the  coordinate  systems  in  which  they  are  measured. 
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RECOMMENDATION  III 


The  Working  Group  on  Reference  Systems, 
considering, 

the  desirability  of  the  standardization  of  the  units  and  origins  of  coordinate 
times  used  in  astronomy, 

recommends  that , 

1.  the  of  measurement  of  the  coordinate  times  of  all  coordinate  systems 

centered  at  the  barycenters  of  ensembles  of  masses  be  chosen  so  that  they  are 

consistent  with  the  proper  unit  of  time,  the  SI  second, 

2.  the  reading  of  these  coordinate  times  be  1977  January  1,  0^  0™  32?184  exactly, 
on  January  1,  0^  0™  0^  lAl  exactly  (JD  -  24A3144.5,  TAI),  at  the  geocenter, 

3.  coordinate  times  in  coordinate  systems  having  their  spatial  origins  respectively 

at  the  center  of  mass  of  the  Earth  and  at  the  solar  system  barycenter,  and 

established  in  conformity  with  the  above  sections  (1)  and  (2),  be  designated  as 

Geocentric  Coordinate  Time  (TCG)  and  Barycentric  Coordinate  Time  (TCB) . 

Notes  for  Recommendation  III 


1.  In  the  domain  common  to  any  two  coordinate  systems,  the  tensor  transformation 
law  applied  to  the  metric  censor  is  valid  without  re-scaling  the  unit  of  time. 
Therefore,  the  various  coordinate  times  under  consideration  exhibit  secular 
variations.  Recommendation  5  (1976)  of  lAU  Commissions  4,  8  and  31,  completed 
by  Recommendation  5  (1979)  of  lAU  Commissions  4,  19  and  31,  stated  that  Terrestrial 
Dynamical  Time  (TDT)  and  Barycentric  Dynamical  Time  (TDB)  should  differ  only  by 
periodic  variations.  Therefore,  TDB  and  TCB  differ  in  rate.  The  relationship 
between  these  time  scales  in  seconds  is  given  by: 

TCB  -  TDB  -  Lg  X  (JD  -  2443144.5)  x  86400 

The  present  estimate  of  the  value  of  Lg  is  1.550505  x  10'®  (±  1  x  10'*^)  (Fukushima 
et  al..  Celestial  Mechanics,  38,  215,  1986). 

2.  The  relation  TCB  -  TCG  involves  a  full  4-diniensional  transformation: 

TCB  -  TCG  -  c*2  (J  (Ve2/2  +  Ugxt^^e))^*^  +  Ve’(x  -  Xg)] 

*-0 

Xg  and  Vg  denoting  the  barycentric  position  and  velocity  of  the  Earth's  center 
of  mass  and  x  the  barycentric  position  of  the  observer.  The  external  potential 
Uext  Newtonian  potential  of  all  solar  system  bodies  apart  from  the  Earth. 

The  external  potential  must  be  evaluated  at  the  geocenter.  In  the  integral, 
t  -•  TCB  and  tg  is  chosen  to  agree  with  the  epoch  of  Note  3.  As  an  approximation 
to  TCB  -  TCG  in  seconds  one  might  use: 

TCB  -  TCG  -  Lc  X  (JD  -  2443144.5)  x  86400  +  c'^Vg-ix  -  Xg)  f  P 


Notes  for  Recommendation  III  (continued') 
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The  present  estimate  of  the  vjlue  of  !<;  Is  1.A80813  x  10'®  (±  1  x  lO'i'*)  (Fukushima 
et  al.,  Celestial  Mechanics,  38,  215,  1986).  It  may  be  written  as  (3GH/2c2aj  +  c 
where  G  is  the  gravitational  constant,  M  is  the  mass  of  the  Sun,  a  is  the  mean 
heliocentric  distance  of  the  Earth,  and  £  is  a  very  small  term  (of  order  2  x  10" >2) 
arising  from  the  average  potential  of  the  planets  at  the  Earth.  The  quantity  P 
represents  the  periodic  terms  which  can  be  evaluated  using  the  analytical  formula 
by  Hirayama  et  al.,  ("Analytical  Expression  of  TDB-TDTq" ,  in  Proceedings  of  the 
lAG  Symposia,  lUGG  XIX  General  Assembly,  Vancouver,  August  10-22,  1987).  For 
observers  on  the  surface  of  the  Earth,  the  terms  depending  upon  their  terrestrial 
coordinates  are  diurnal,  with  a  maximum  amplitude  of  2.1  ps. 

3.  The  origins  of  coordinate  times  have  been  arbitrarily  set  so  that  these  times 
all  coincide  with  the  Terrestrial  Time  (TT)  of  Recommendation  IV  at  the  geocenter 
on  1977  January  1,  0^  0*"  0®  TAI.  (See  Note  3  of  Recommendation  IV.) 

4.  When  realizations  of  TCB  and  TCG  are  needed,  it  is  suggested  that  these 
realizations  be  designated  by  expressions  such  as  TCB(xxx) ,  where  xxx  indicates 
the  source  of  the  realized  time  scale  (e.g.,  TAI)  and  the  theory  used  for  the 
transformation  into  TCB  or  TCG. 
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RECOMMENDATION  IV 


The  Working  Group  on  Reference  Systems, 
considering, 

a)  that  the  time  scales  used  for  dating  events  observed  from  the  surface  of  the 
Earth  and  for  terrestrial  metrology  should  have  as  the  unit  of  measurement  the 
SI  second,  as  realized  by  terrestrial  time  standards, 

b)  the  definition  of  the  International  Atomic  Time,  TAI,  approved  by  the  14th 
Conference  Gdnerale  des  Poids  et  Mesures  (1971)  and  completed  by  a  declaration 
of  the  9th  session  of  the  Corait6  Consultatif  pour  la  Definition  de  la  Seconde 
(1980), 

recommends  that, 

1)  the  time  reference  for  apparent  geocentric  ephemerides  be  Terrestrial  Time, 
TT, 

2)  TT  be  a  time  scale  differing  from  TCG  of  Recommendation  III  by  a  constant 
rate,  the  unit  of  measurement  of  TT  being  chosen  so  that  it  agrees  with  the  SI 
second  on  the  geoid, 

3)  at  instant  1977  January  1,  qI'  0"*  0®  TAI  exactly,  TT  have  the  reading  1977 
January  1,  0^  0™  32?184  exactly. 

Notes  for  Recommendation  IV 


1.  The  basis  of  the  measurement  of  time  on  the  Earth  is  International  Atomic  Time 
(TAI)  which  is  made  available  by  the  dissemination  of  corrections  to  be  added  to 
the  readings  of  national  time  scales  and  clocks.  The  time  scale  TAI  was  defined 
by  the  59th  session  of  the  Comite  International  des  Poids  et  Mesures  (1970)  and 
approved  by  the  14th  Conference  Generale  des  Poids  et  Mesures  (1971)  as  a  realized 
time  scale.  As  the  errors  in  the  realization  of  TAI  are  not  always  negligible, 
it  has  been  found  necessary  to  define  an  ideal  form  of  TAI ,  apart  from  the  32?184 
offset,  now  designated  Terrestrial  Time,  TT. 

2.  In  order  to  define  TT  it  is  necessary  to  define  the  coordinate  system  precisely, 
by  the  metric  form,  to  which  it  belongs.  To  be  consistent  with  the  uncertainties 
of  the  frequency  of  the  best  standards,  it  is  at  present  (1991)  sufficient  to 
use  the  relativistic  metric  given  in  Recommendation  I. 

3.  For  ensuring  an  approximate  continuity  with  the  previous  time  arguments  of 
ephemerides,  Ephemeris  Time,  ET,  a  time  offset  is  introduced  so  that  TT  -  TAI  - 
32?184  exactly  at  1977  January  1,  0^  TAI.  This  date  corresponds  to  the  implementation 
of  a  steering  process  of  the  TAI  frequency,  introduced  so  chat  the  TAI  unit  of 
measurement  remains  in  close  agreement  with  the  best  realizations  of  the  SI  second 
on  the  geoid.  TT  can  be  considered  as  equivalent  to  TDT  as  defined  by  lAU 
Recommendation  5  (1976)  of  Commissions  4,  8  and  31,  and  Recommendation  5  (1979) 
of  Commissions  4,19  and  31. 

4.  The  divergence  between  TAI  and  TT  is  a  consequence  of  the  physical  defects  of 
atomic  time  standards.  In  the  interval  1977-1990,  in  addition  to  the  constant 
offset  of  32?184,  the  deviation  probably  remained  within  the  approximate  limits 
of  ±  10/JS.  It  is  expected  to  increase  more  slowly  in  Che  future  as  a  consequence 
of  improvements  in  time  standards.  In  many  cases,  especially  for  the  publication 
of  ephemerides,  this  deviation  is  negligible.  In  such  cases,  it  can  be  stated 
that  the  argument  of  the  ephemerides  is  TAI  +  32?184. 
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Notes  for  Recommendation  IV  (continued) 

5.  Terrestrial  Time  differs  from  TCG  of  Recommendation  III  by  a  scaling  factor, 
in  seconds: 


TCG  -  TT  -  Lg  X  (JD  -  2443144.5)  .'c  86400 

The  present  estimate  of  the  value  of  Lq  6.969291  x  10‘*o  (±  3  x  10"*®).  The 
numerical  value  is  derived  from  the  latest  estimate  of  gravitational  potential 
on  the  geoid,  W  -  62636860  (±  30)  ra^/s^  (Chovitz,  Bulletin  Geodesique,  62,  359, 
1988) .  The  two  time  scales  are  distinguished  by  different  names  to  avoid  scaling 
errors.  The  relationship  between  Lg  and  Lq  of  Recommendation  III,  notes  1  and 
2,  and  Lq  is,  Lg  - 

6.  The  unit  of  measurement  of  TT  is  the  SI  second  on  the  geoid.  The  usual 
multiples,  such  as  the  TT  day  of  36400  SI  seconds  on  the  geoid  and  the  TT  Julian 
century  of  36525  TT  days,  can  be  used  provided  that  the  reference  to  TT  be  clearly 
indicated  whenever  a-mbiguity  may  arise.  Corresponding  time  intervals  of  TAI  are 
in  agreement  with  the  TT  intervals  within  the  uncertainties  of  the  primary  atomic 
standards  (e.g.,  within  ±  2  x  lO'*"*  in  relative  value  during  1990). 

7.  Markers  of  the  TT  scale  can  follow  any  date  system  based  upon  the  second, 
e.g.,  the  usual  calendar  date  or  the  Julian  Date,  provided  that  the  reference  to 
TT  be  clearly  indicated  whenever  ambiguity  may  arise. 

8.  It  is  suggested  chat  realizations  of  TT  be  designated  by  TT(xxx)  where  xxx  is 
an  identifier.  In  most  cases  a  convenient  approximation  is: 

TT(TAI)  -  TAI  +  3??184 

However,  in  some  applications  it  may  be  advantageous  to  use  ocher  realizations. 
The  BIPM,  for  example,  has  issued  time  scales  such  as  TT(BIPM90) . 
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RECOMMENDATION  V 


The  Working  Group  on  Reference  Systems, 
considering, 

that  important  work  has  already  been  performed  using  Barycentric  Dynamical  Time 
(TDB) ,  defined  by  lAU  Recommendation  5  (1976)  of  lAU  Commissions  4,  8  and  31, 
and  Recommendation  5  (1979)  of  lAU  Commissions  4,  19  and  31, 

recognizes, 

that  where  discontinuity  with  previous  work  is  deemed  to  be  undesirable,  TDB  may 
still  be  used. 


Note  to  Recommendation  V 


Some  astronomical  constants  and  quantities  have  different  numerical  values 
depending  upon  the  use  of  TDB  or  TCG.  When  giving  these  values,  the  time  scale 
used  must  be  specified. 
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RECOMMENDATION  VI 


The  Working  Group  on  Reference  Systems, 
considering, 

the  desirability  of  implementing  a  conventional  celestial  barycentric  reference 
system  based  upon  the  observed  positions  of  extragalactic  objects,  and, 

noting, 

the  existence  of  tentative  reference  frames  constructed  by  various  institutions 
and  combined  by  the  International  Earth  Rotation  Ser\'ice  (lERS)  into  a  frame  used 
for  Earth  rotation  series, 

recommends , 

1.  that  intercomparisonss  of  these  frames  be  extensively  made  in  order  to  assess 
their  systematic  differences  and  accuracy, 

2.  that  an  lAU  Working  Group  consisting  of  members  of  Commissions  4,  8,  19,  24 
and  31,  the  lERS,  and  other  pertinent  experts,  in  consultation  with  all  the 
institutions  producing  catalogs  of  extragalactic  radio  sources,  establish  a  list 
of  candidates  for  primary  sources  defining  the  new  conventional  reference  frame, 
together  with  a  list  of  secondary  sources  that  may  later  be  added  to  or  replace 
some  of  the  primary  sources,  and, 

requests , 

1.  that  such  a  list  be  presented  to  the  XXII  General  Assembly  (1994)  as  a  part 
of  the  definition  of  a  new  conventional  reference  system, 

2.  that  the  objects  in  this  list  be  systematically  observed  by  all  VLBI  and  other 
appropriate  astrometric  programs. 

Note  for  Recommendation  VI 


This  recommendation  essentially  describes  the  first  part  of  the  work  that  must 
be  done  to  prepare  the  realization  of  the  reference  system  defined  by  Recommendations 
I  and  II.  The  choice  of  objects  must  be  made  in  the  first  place  by  considering 
their  observability  by  VLBI,  but  special  care  should  be  taken  to  include  a  large 
proportion  of  extragalactic  radio  sources  with  well  identified  optical  counterparts. 
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RECOMHEKDATION  VIII 


The  Working  Group  on  Reference  Systems, 
recognizing, 

a)  the  importance  to  astronomy  of  adopting  conventional  values  of  astronomical 
and  physical  constants, 

b)  that  values  of  these  constants  should  be  unchanged  unless  they  differ 
significantly  from  their  latest  estimates, 

c)  that  estimates  of  these  constants  should  be  improved  frequently  to  represent 
the  current  status  of  knowledge, 

d)  the  necessity  of  providing  standard  procedures  using  these  numerical  values, 
and, 

noting, 

a)  that  the  MERIT  Standards  and  lERS  Standards  have  contributed  significantly  to 
the  progress  of  astronomy  and  geodesy, 

b)  that  numerical  values  in  these  standards  have  served  as  a  system  of  constants 
in  analyzing  observations  of  high  quality,  and 

considering, 

that  procedures  in  these  standards  do  not  cover  the  whole  of  fundamental  astronomy, 
recommends , 

that  a  permanent  working  group  be  organized  by  Commissions  4,  8,  19,  24  and  31, 
in  consultation  with  the  lAG  and  the  lERS,  in  order  to  update  and  improve  the 
system  of  astronomical  units  and  constants,  the  list  of  estimates  of  fundamental 
astronomical  quantities  and  standard  procedures;  this  group  shall: 

1.  prepare  a  draft  report  on  the  system  of  astronomical  units  and  constants  at 
least  six  months  before  the  XXII  General  Assembly  (1994), 

2.  prepare  a  draft  list  of  best  estimates  of  astronomical  quantities  at  least 
six  months  before  each  following  General  Assembly, 

3.  prepare,  at  least  six  months  before  each  following  General  Assembly,  a  draft 
report  on  standard  procedures  needed  in  fundamental  astronomy,  which, 

a)  should  have  a  maximum  degree  of  compatibility  with  the  lERS  Standards, 

b)  should  include  the  implementations  of  procedures  in  the  form  of  tested 
software  and/or  test  cases, 

c)  should  be  available  not  only  in  written  form,  but  also  in 
machine -readable  form, 

4.  prepare  a  draft  report  on  possible  electronii  access  to  these  units,  constants, 
quantities  and  procedures  at  least  six  months  before  the  XXII  General  Assembly 
(1994) . 
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Notes  for  Recommendation  VII  (conctnued^ 


3.  The  dynamical  equinox  in  this  reconmsendation  is  defined  as  the  intersection 
of  the  mean  equator  and  the  ecliptic.  The  latter  is  defined  as  the  uniformly 
rotating  plane  of  the  orbit  of  the  Earth-Moon  barycenter  averaged  over  the  entire 
period  for  which  the  ephemcrides  are  valid.  Since  it  is  ephemeris  dependent, 
the  choice  of  the  equinoctial  point  will  be  made  using  the  most  accurate  and 
generally  available  ephemerides  of  the  solar  system  at  the  time. 

4.  The  definition  given  to  the  reference  system  by  Recommendations  I  and  II 
implies  the  stability  in  time  of  the  system  of  coordinates  realized  by  the 
celestial  reference  frame.  The  directions  of  the  coordinate  axes  should  not  be 
changed  even  if  at  some  later  date  the  realization  of  the  dynamical  equinox  or 
CEP  are  improved.  Similarly,  modifications  to  the  set  of  extragalactic  objects 
realizing  the  reference  system  should  be  made  in  such  a  way  that  the  directions 
of  the  axes  are  not  changed.  This  means  that  once  the  coordinate  axes  have  been 
specified,  in  the  way  described  in  the  last  part  of  the  recommendation,  the 
connection  between  the  definition  of  the  conventional  reference  system  and  the 
peculiarities  of  the  Earth's  kinematics  will  have  been  severed. 

5.  As  long  as  the  relationship  between  the  optical  and  the  extragalactic  radio 
frames  is  not  sufficiently  accurately  determined,  the  FK5  catalog  shall  be 
considered  as  a  provisional  realization  of  the  celestial  reference  system  in 
optical  wavelengths. 
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RECOMMENDATION  IX 


The  Working  Group  on  Reference  Systems, 
recognizing, 

chat  a  generally  accepted  non-rigid  Earth  theory  of  nutation,  including  all  known 
effects  at  the  one  tenth  milliarcsecond  level,  is  not  yet  available, 

recommends , 

1.  that  those  satisfied  with  accuracy  of  the  nutation  angles  (e  or  V*  sinio) 
numerically  greater  than  ±  0"002  (one  sigma  rms)  may  continue  to  use  the  1980 
lAU  Nutation  Theory  (P.K.  Seidelmann,  Celestial  Mechanics,  27,  79,  1982), 

2.  that  those  requiring  values  of  the  nutation  angles  more  accurate  chan  ±  0V002 
(one  sigma  rms)  should  make  use  of  the  Bulletins  of  the  lERS  which  publish 
observations  and  predictions  of  the  celestial  pole  offsets  accurate  to  about 
±  0'.'0006  (one  sigma  rms)  for  a  period  of  up  to  six  months  in  advance, 

3.  that  the  lUGG  be  encouraged  to  develop  and  adopt  an  appropriate  Earth  model 
to  be  used  as  the  basis  for  a  new  lAU  Theory  of  Nutation. 


♦ 


